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Chemiecal data recently obtained on 18 major and minor elements in 507 tektites from

71) é- 205 localities are used to map the geographic distribution patiern of Australasian tekiites.
kY Arens of distinet chemical (ype outline a course structure to the pattern: an elongite zone
g of HCa tektites stretching northwest across Australia, a erescent zone of HMg tektites
, curving from Australia to Indonesia to the Philippines, and a teardrop-shaped zone of
. normal indochinites arcing northeast over Southeast Asia. Various sets of matehing polygons

of specific gravily and matching chemical analyses of individual specimiens define a fine
structure compatible with this coarse structure. The over-all patiern is not radial, as would
be required for a terrestrial origin, but is systematically eurved. Numerous moon-to-earth
trajectories were computed for cjecta leaving various lunar craters in a search for com-
patible places of origin. It was found that the complex tektite distribution pattern is matched
by the trajectory landing pattern for cjecta leaving Tvcho, and that the required heading
direction for this ejecta coincides with one of Tycho's most prominent rayvs. From a study
of visible elements comprising this and other similar rays. a ‘connate crater’ theory of tektite
f events is formulated which offers a reconciliation of certain tektite observations previously
i considered contradictory. Some implications to sclenology, and comparisons with Apollo

data (especially with rock 12013), are briefly discussed.

INTRODUCTION

Among four separate tektite groups pres-
ently known, the Australasian group is the

to the DPhilippines. Morcover, Australasian
microtektites have been rccovered in deep-sea
cores from the Indian and Pacific Qceans at

localitics separated by as much as 10,000 km
[Glass, 1967]. On the basis of the observed
microtektite abundance, the mass of glass esti-
mated to have fullen in this tektite event is of

youngest, most numerous, and most widely L1

strewn. Tecktites from this group have been 111:31({)1'dcr of 100 million tons [Cassidy et al,
g discussed in the scientific literature for 126 19691 .
7 years, beginning with the deseription of an At present there is reasonable agreement as
Y oval australite button by Darwin [1844]. He 1o how tektites formed, but rife contention as
¥ suggested an origin as a voleanic bomb that  to where. After the discovery of metallic spher-
i‘ burst after spinning in flight through the air  ules of meteoritic Fe-Ni within phillippinites
*  (Figure 1). Subsequent evidence, however, has “‘“d‘ indochinites [Chao et al., 1964], and of
# focused on a type of natural cvent much rarer  £r:uns of coesite in thailandites [Walter, 1965],
.‘: than earth voleanism. Concordant age datings it has been widely though not universally ac-
P by the K-Ar method [Gentner and Zihringer, cepted that tektites originated as splash from
';- 1960] and the fission-track method [Fleischer 8 large metcoritic impact, crater. In order to
2 et al, 1965; Gentner et al., 1967] indicate that  allow the small tektites to disperse over the
¢ the Australasian tektites formed in a single Vvast distances observed, it would have been
Y event abont 700,000 years ago. Approximately — Decessary, if this impaet occurred on earth, for

three million of these tektites have been re- the atmosphere above the terrestrial crater to

covered to date at numerous localitics spread  be removed. Such a removal, however, requires

from Tasmania to South China, from Thailand  the order of 10* erg of cnergy, an amount suf-

ficient to exeavate an earth erater several hun-
dred kilometers in diameter [Lin, 1966; Chap-
man and Gault, 1967]. No crater this size of
Australasian tcktite age has yet been identi-
fied on earth. If the impact occurred on the at-
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Fig. 1.
[from Darwin, 18441, thought by Charles
10 be a voleanie bomb.

tektite
Dirwin

Tirst illustration known of a

mosphereless moon, a smaller sourec erater,
several tens of kilomcters to a hundred kilom-
eters in diameter, could account for 10" tons
of glass on earth. Tektite form and surface
sculpture have been closely reproduced in the
aerodynamic laboratory, and an ablation analy-
sis, checked by laboratory experiments, has
indicated that the amount of ablation on austra-
lites 1s compatible with a lunar origin [Chap-
man and Larson, 1963]. A preliminary tra-
jectory study of material originating from ten
large, voung, lunar craters has pointed to
Tycho, in the lunar uplands, as a prime suspect
[Chapman, 1964]. At present, however, age
vilues for Tycho and other lunar eraters are
unknown; and Apollo missions have not yet re-
turned samples from landing sites in the up-
lands.

The present paper is bascd on a 7-year pro-
gram of tektite collection and chemical analysis
conducted for the specific purpose of delineat-
ing the geographic distribution pattern of the
Australasian strewnfield. It was hoped that
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from such a pattern the place of origin coylq

be pin-pointed. During this period, more thap
a millien tektites were inspected, about 47,000

mdividually measured for specific gravity, and i

A7 tektites from 205 different localities were
chemically analyzed for major and minor ele.
ments by a single method of good precision.
An additional 200 tektites were analyzed for
major c¢lements only. A summary of the chem-
ical data, without a discussion of the geo-
graphic distribution pattern, has heen prescnted
recently [Chapman and Scheiber, 1969]. Com-
plete tables of the chemical analvzes are now
being prepared for publication. The objective
of the present paper 1s to present and analyze
the data on carth distribution pattern of the
Anstralasian tektites,

A fundamental thesis of this paper is that the
iektite geographic distribution pattern estab-
lishes the trajectory landing pattern; and that
this pastern, in turn, provides a basis for de-
termining from where in space the shower orig-
inated. The landing pattern for earth and moon
origm would differ greatly. Objects of earthly
origin would travel in nearly planar trajectories
for which the over-all distribution pattern, as
delineated by various chemically distinet com-
ponents within the shower, would form a set
of radial elements, like the spokes of a wheel,
projecting toward a common hub where the
terrestrial erater of origin would be located. Ob-
jects of lunar origin, however, would travel to
earth along nonplanar trajectories curved in
three dimensions, so that their distribution on
carth, owing to the combined cifects of tra-
jectory curvature and of carth rotation about
an Inclined axiz, would form a nonradial pat-
tern of curved elements. Such elements, together
with ecomputer calculations of moon-to-earth
trajectories, would provide a means of identify-
g the particular lunar crater of tektite origin.

Previous evidence greatly simplifies the task
ot finding the place of origin. The aerodynamic
ablation conditions and the initial tektite tem-
peratures required to reproduce the common
spallation-type core shapes demonstrate that be-
fore atmosphcre entry the tektites were indi-
vidual picees of rigid glass. The absence of
cosmic-tay exposure evidence, eg., Al® cos-
mogenic neon, and cosmic-ray tracks like those
present in meteorites, indicates that tektites
have nether traveled far nor long in space
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eynolds, 1960, Viste and Anders, 1962;
feischer et al, 1965]. Hence, they eame as a
hower from an mpact either on the moon or
pmeplace on earth. Since only a very small
kercentage of gluss 1s formed during a hyper-
elocity 1mpact, it follows that the crater of
genesis was large indeed. The current age of
37 my. for the Australasian shower corre-
fponds to formation in  geologically recent
fimes. Consequently, the task reduces to one
bf finding a large, geologically young crater, on
Bthe earth or moon. so positioned that ejecta
@purted from it would shower on earth in pre-
@cisely the tektite landing pattern.

It 1s the design of the scetions that follow,
first, to outline various sysematic features in
Rthe distribution pattern of the Australasian tek-
ites: second, to illustrate a few of many com-
®puted landing patterns of moon-to-carth tra-
B jectorics that do not madch this strewnfield
| distribution pattern; third, 1o doecument the
B one computed landing pattern that does match;
& fourth, to note some consequences to selenology
g that are believed to follow from the main con-
F clusion of this paper; and finally, to sketch a
& theory of tcktite events based on a ‘connate
crater’ concept, which offers a resolution of
t certain tektite evidence that heretofore has ap-
peared to be contradictory.

o~

GEeocraPHIC DISTRIBUTION PATTERN

Two assumptions underlie the present
method of mapping the Australasian tektite
strewnficld: (1) that the target crust material
at the impact site was chemically inhomogeneous,
and (2) that lunar inpact ejecta upon reaching
earth is highly strung out. The first assumption
18 based on the diverse specific gravity popula-
tions and multifarious chemiecal variuations oh-
served among Australasian tekiites. The scc-
ond assumption, as will be illustrated later, is
a basic property of the mechanics of moon-to-
earth trajectories. The stringing out of ejecta
1s also believed to De a natural consequence of
the fluid dynamies of streaming material at
high velocity along narrow rays from a crater.
These two mechanisms acting together would
tend to convert any irregular pattern of chem-
ical variations, which may have existed within
a ray as it left the moon, into an clongated or
streak-like pattern by the time it reached
earth.

AvusTrRALASIAN TEKTITE ORIGIN
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The tektite chemical data obtained speeifi-
cally for mapping the distribution pattern has
revealed several distinet chemical groups and
many diseernible chemical types within these
groups [Chapman and Scheiber, 19697, A clas-
sification nomenclaiure evolved along two lines:
some groups, like certain commercial products,
were named after the chief chemical ingredient
that sets them apart from the multitude (e.g.,
HCa, HMg, LCallAl, HCu,B, wherein H de-
notes ‘high’ and L. ‘low’); other groups and
types, like Freneh wines, were named after the
area from which the wvarietal is chiefly re-
nowned (eg., Dalat type, Chiang-Rai type,
Serpentine  Lakes type, normal indochinite,
normal australite-philippmite). From recent in-
vestigntions of the isotopes of oxygen [Taylor
and Epstern, 19697 and of rubidium-strontium
[Compston and Chapman, 1969], the distinct-
ness of these prineipal groupings made on the
hasis of chemistry have been independently
corroborated.

In attempting to map out details of the earth
distribution pattern, considerable attention is
given to chemical varieties that are relatively
uncommon or rare. Very common types, such
as the normal australites-philippinites and the
normal indochinites, which are found in great
numbers at many different localities across the
strewnfield, presumably represent rock types
that were relatively widespread at the impact
site. On the basis of chemistry alone, it would
be difficult to trace out within the strewnfield
the landing path of tektites that are so wide-
spread and mutually similar. Hence both spe-
cific-gravity polygons and chemistry are used
to map the landing path of these common
types. But the landing path of any rock mass
of uncommon chemistry which happened to be
at the impact site, or of any chemieally unique
portion of an inhomogeneous rock mass, could
be readily traced out within the strewnfield
simply by noting where tektites of this uncom-
mon  or unique chemistry are found. In the
rest of this scction, a variety of chemical char-
acteristics are used in mapping the distribu-
tion pattern.

Coarse structure from chemical groups. The
mdividual geogzraphic zones for each distinet
chemieal group are demarked on the map of
Figure 2. These zones outline a coarse strue-
ture to the distribution pattern. Prominent
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in Australia is an LSG-HCa ‘streak,” about 300
km wide, stretching northwest for 2200 km
from Tasmania to central Australia. Found
only within this streak, and nowhcre elke in
the strewnfield, are HCa populations of low
modal SG (mode <2.41). Arcing from west-
central Australin northwest across Indonesia,
then northwest over the South China Sea, is
an HMg ‘crescent” Only within this curved
zone have tektites been found with HMg ehem-
istry (the large square symbols in this zone
denote HMg specimens with NMgO > 3.4¢;,
Ni > 210 ppm, and Cr > 210 ppm). On the
fringes of this crescent, and also at some lo-
calities within this zone, are ‘nearly HMg’

tektites, small square symbols in Figure 2,"

denoting MgO > 289, Ni > 200 ppm, and
Cr 2 190 ppm. Within a teardrop-shaped zone
stretching northeast over Southeast Asin are
the normual idochinites, with CaQ/MgO =1 %

0.2, N1 < 35 ppm, and Cu < 5 ppm. Situated tg

the east, and partly overlapping the normag]
indochinites, is the zone of HCu, B indochinites,
tektites of Muong-Nong type with Cu > 19

ppm and B > 30 ppm. Other chemical types f:

for which geographic zoncs are not demarked,

but which are identified by difierent symbols ¥

in Figure 2, are ITAl australites (ALO, >
1499;) found only in enstern Australia;
Chiang-Rai type (indochinites with CaO/Mg0

CHEMICAL TYPE

HCa
NEARLY HCa
HMg
NEARLY HMg
HCu, B
LCaHAl
NORMAL
INDOCHINITE
+ NORMAL
AUSTRALITE -
PHILIPPINITE
CHIANG - RAI -
TYPE ;
T HAI AUSTRALITE
X OTHER TYPES

®e>DO0O

<

MAL INDOCHINITES
— NORMAL  INDO

Fig. 2. Coarse structure distribution pattern of Australasian tektites as determined by zones
of various chemical type.
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peater than or nearly equal to unity, and with
P0 < Ni < 170 ppm) found in Southeast Asia
hnly in western Thailand and in Malaya:
bormal australite-philippinite (CaQ > MgO
pd Ni < 41 ppm) found essentinlly through-
fut the Philippines and southern Australia;
frearly O tektites (CaQ near Jower bound-
jry of the HCa domain on o CaO versus MgO
glot, and with Na.O > 1.25¢, instead of Na.O
j¢ 12565 as in the HCa group), which arce
ound within and near the HCa zones in
JAustralia and the Philippines.

The principal coarse structure features in
fthe strewnfield distribution pattern can also
; be demarked from the runge in alundanee of
Wrindividual elements. Useful for this purpose is
Wthe most variable element, Ni, which ranges
; over a factor of 50, from 11 ppm to 615 ppm.
".‘ This range is arbitrarily divided into four
@ parts: low Ni, from 11 to 41 ppm: intermedi-
' ate Ni, from 42 to 100 ppm: medium-hich Ni.
% from 100 to 200 ppm; and high Ni, from 290
¥ to 615 ppm. The map in Figure 3 shows the
g7 regional distribution of Ni abundance. Tt is
®-seen that low Ni tektites are found throughout
Y the strewnfield, in Australin, Southeast Asia,
- and the Philippines. Henee, low Ni does not
*define o distinet pattern. This cireumstanee
arises hecause several different chemieal tyvpes
" each are low in Ni (eg., HCa group, LC2HAL
group, normal indochinites, and normal austra-
lite-philippinites). The high Ni tektites, how-
ever, are found only in the HMg group. and
demark the same crescent zone as that de-
marked by the HMg tektites. High values of
Co and Cr provide still another independent
method of dchneating precisely the same eres-
cent.

As another example, tektites that are both
uncommonly low in Ni (below about 25 ppm
Ni) and high i siliea (above about 775 810.)
define two different geographic zones: one that
1s the sume as the LSG-HCu streak i Austra-
lia, and another that is the sume as the HCu.B
zone of Muong-Nong type tektites in South-
cast Asia, Australasian tektites both low i Ni
and high in 810, have not been found elsewhere.

Still another independent source of data that
is most helpful in defining the distribution pat-
tern is provided by mecasurements of specific
gravity. Such meuasurements were made on
about 47,000 individual tektites of the normal,

AvusTRaLAsIAN TEKTITE
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nonspongy  variety. A wide variety of_ SG
polvgons was found, as 1s illustrated in Figure
4. Some populations are very homogeneous
(Wiang Papao, Figure de¢, others are hetero-
geneous (Sangivan 11, Tigure 40); some are
bimodal  (Figure 4a), other trinodal or even
quadrimodal. These varmations in S polygon
correlate well with chemical variations: Mg
chemical populations have heterogencous SG
polvgons alwavs with high-3G specimens above
247 (Figure 4b); normal australite-philip-
pinites, in contrast, have relatively homoge-
neous G polygons without specimens above 2.47
(Figure 4d); while HCa populations are dis-
tinguished hy bimodal or multimodal SGpoly-
gons (Figure 4a). Population polygons with low
maodal SC less than 2424 are found only in
two zones: within the LSG-HCa streak 1n
Australia, and within the normal indochimte
zone in Southeast Asia. Apart from a few ob-
vious exceptions, an SG polygon refleets closely
the true material 8G polvgon rather than vari-
ations in bubble content [Scheiber, 1970]. In-
asmuch as 8G varies mversely with 810,
follows that an SG population polygon for a
given loeality represents the spectrum of Si0,
variation, Hence 1t should not he surprising
that the coarse structure pattern of chemical
variations and the SG data are mutually con-
sistent,

Several early attempts to define a geometric
pattern within the strewnfield distribution of
Australasian tektites each have led to patterns
different from that constructed herein. As 13
explained in Appendix 1, these differences are
attributed to the relatively meager quantity of
data available in earlier investigations,

Fine structwre from SG-polygon matches and
chemical matches. Four separate conditions
are employed to define additional detail within
the strewnfield pattern. Fine structure is de-
lineated by tracing loci of ‘matching’ localities.
The criterion selected for a mateh  depends
upon how common or rare is a given chemieal
tvpe. For a mateh between localities of the
very common Lypes (eg.. normal australites-
philippinites, normal indochinites, Dalat-type
indochinites), it was required that either (1)
SCGopolvegons mateh for the same type of tektite
chemistry or (2) chemical analyses match for
1the same type of SG polvgon having the same
modal SG. For less common types (e.g., HCa,

OniGIN
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Fig. 3. Distribution patiern of Australasian tektites as determined by Ni ubundunee,

HMg, HCu,B, Serpentine Lakes tvpe). it was
required that (3) chemieal analvses match for
the same type of SG polvgon having the same
modal SG to within 0.01. For the uncommon
or rare types (eg., Sangiran II, which com-
bines HMg with 3G > 2.5), it was required
only that (4) chemical analyses match. The
first two matching conditions, which are ap-
plied to very common types, are envisioned as
trailing the splash from a part of a rock mass
that was relatively widespread at the impact
site. Mateh condition 4, in contrast, is en-
visioned as trailing smaller masses of rarer
composition, or of unique chemistry, that hap-
pened to be swept into the fused ecjecta as it
streamed from the source crater.

It i1s emphasized that the identification of
strewnfield fine strueture for all but the rare or
nueommon chemieal varieties involves consid-
cration of both the chemistry of ndividual
specimens and the polygons of specific gravity.
Various examples illustrating the importance of
considering both chemistry and SG polygons
are presented in Appendix 2.

Inasmuch as a broad spectrum of SG poly-
rons 15 obhszerved within the strewnfield (Fig-
ure 4), a match between populations from two
or more different localities is significant. Six
sets of matehing SG populations are shown in
Figure 5. Elementary computations of proba-
bility indicate that the chance of accidentally
reproducing two population polygouns that match
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fto this degrec over their entire spectrum of
BSG is of the order of one in a thousand. Iach
fmatch illustrated is for the same type of tektite
Echemistry. From left to right in Figure 5a, the
& four-locality mateh is for the low-SG mode of
& HCa populations found along the LSG-HCa
B:streak in Australing, the mateh of Pia Oac
B (North Vietnam) and Kasetsomboon (Thai-
{‘land) is for normal indochinites; and the match
& of Ooldes (South Australia) and Coeo Grove
& (Luzon) is for the normal australite-philippinite
E type. In Figure 56 the mateh of Kuchinari
& (Thailand) and Fort Bayard (South China) is
g for normal indochinites; that of West Ialgoorlie
r (West Australia) and Kubao (Manila) is for
i the normal australite-philippinite type, a5 is
% the three-locality match of Bovee Creck, T.ake
- Lapage, and Earahcedy (all in West Australia).
* Since both Ooldea and Kalgoorlic are from the
Nullabor Plains of Australia, and both Kubao
and Coco Grove are from Luzon, these two
matches are referred to subsequently as the
- Nullarbor-Luzon match. Such a mateh has heen
observed previously [Chapman et al., 1964].
In Figure 6 the Nullarbor area is designated
by the encircled N, the matching Luzon area
by an L. Other luealities of matching SG poly-
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gons are shown connected together by solid lines
in this figure.

A computer was used to search for all pos-
sible matching analvses within the chemical
data. The 507 tektite analyses for 18 major
and minor eleents were digitized on punch
cards. Altogether about 125000 different com-
binations of pairs of tektite analyses were then
tested by the computer for possible chemical
matches. The quantitative criteria used for a
match were based on the experunental pre-
cision of determiming a given clement. The
mean deviation ¢ between replicate determina-
tions of that element from a given sample of
tektite powder was taken as a measure of the
precision. For a chemical mateh 1t was required
that all major clements with at most one excep-
tion be the same within 20, that the one ex-
cepted major element (if anyv) be the same
within @=2¢, that all minor elements with at
most one exceeption likewise be the same within
20, and that the one excepted minor element
(if any) be the same within =2¢. The 20 pre-
cision was {aken as 6% for Mg, Na, Al; 79 for
Ca, X, Fe; 209 for T1, Ni, Mn, V; 259 for
Ba, Co, Cr, Y, Zr: and 3095 for B,Cu. The 2¢
precision for silicon. which was determined by

H Mg
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Fig. 5. Six sets of matching polvgons of spe-
cific gravity: (a) left to right. matches along
LSG-HCa australite streak, North Vietnam-Thai-
land match, and Nullubor Plains-Luzon mateh;
(b) left to right. South China-Thailand match,
West Australia-Luzon match, and West Australia
matches.

difference from the total of the other elements,
was taken as 1.539. In a few cases where an
element was uncommonly low in abundance,
the 20 precision was taken as an appropriate
inerement rather than as a percentage.

Not all matching analvses identified by the
computer, nor all loeality pairs at which the
SG polygons mateh, can be considered a sig-
nificant feature of the original shower pattern.
Obviously, a match between two localities only
several tens of kilometers apart may reflect
some geological transport process rather than
a characteristic of the tektite trajectory land-
ing pattern. Also, loeality data for some speci-
mens are uncertain by as much as 50 km. More

mportant, the elongate zone of a given typer :
15 at least several hundred kilometers acrogg 3
Consequently, only those locality pairs of cher. -3
1eal matches separated more than about 1009

km would provide relevant evidence on the

‘streak paths” within the over-all trajectory -

landing pattern.
Various examples of matching analyses ag

determined by the computer search are pre. ;

sented in Table 1. These inelude maiches be-
tween mnormal australites and  philippiniteg
(matches 1 and 2), hetween Dalat type tektiteg
(match 3), between normal indochinites (mateh
4, a ti-locality mateh), between HMg tektiteg
(matches 5, 6, 7), between other less common
tvpes (matches S, 9), and between rare fypes
(matches 10, 11). In Figure 6 the loeality pairs
for matching analyses are shown connected
together by dashed lines. It is evident from
this figure that the fine structure, as represented
by these lines of matehing chemistry, is quite
consistent. with the coarse structure (shaded
zones) and with the fine structure of matching
SG polvgons (solid lines).

Directional conditions and relative tempera-
ture of formation. In comparison to austra-
lites, the internal flow structures of tektites
from Southeast Asia are indicative of forma-
tion in a much more viseous condition. Within
indochinites, the lechaterlierite inclusions ap-
pear less softened and contorted, the internal
bubbles are commonly elongate instead of spher-
ieal as in australites, and minute grains of un-
fused minerals are found [Barnes, 1963a, b;
Glass, 1970]. Moreover, their external shapes
are larger and much more irregular than aus-
tralites, All thege are signs that the indochinites
formed at. a higher viseosity than the australites.
Higher viscosity implies lower temperature,
a lower internal energy incerease AE, and a lower
particle veloeity V, of shock aeceleration (AE
= (1/2)V,® according 1o the Rankine-TTugoniot
conservation equations for strong shock waves).
The irregularly shaped tektites from South-
east Asia, therefore, were ejected from their
erater of origin at a lower velocity than were
the austrahtes. This condition of decreasing
ejection veloeity in the direction from Australia
to Thailand is an important directional condi-
tion to be imposed on the trajectory landing
pattern of the Australasian tektite shower.

From study of the geographical variation of
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ite shapes and sizes within a given chem-
group, a number of other directional con-
tions have been deduced. Within the low-SG
pmponent population along the LSG-ICa
itreak, for example, the average size of sub-
gtantially whole tektites (all but the Dbroken
i;es) increases systematically in the northwest
direction, varying from about 2 grams m Vie-
ttoria to 2.6 grams at Flovieton, 4 grams in the
rea. of Mulgaria-Witchelina-Pine Dam, about
6 grams at Charlotte Waters, and about 10

-

'
“,‘grams at Henbury. Also, 1009, of the cores in
Vietoria have a smoothly eurved base, whercas
" gbout 1/3 of the cores at Charlotte Waters have
'}bases that are irregularly curved. Clearly, the
_direction of mereasing viscosity of formation,

o LY 111
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and henee of decreasing veloeity of ejection,
runs northwest from Vietoria to Henbury.
example is provided by the HMg
javanites and australites, The bilhtonites, aver-
aging 19 grams, and the javanites (Sangiran 1
with 238 < SCG < 248) are considerably
Jarger and more irregularly shaped than the
H)g australites of similar SG range. This mdi-
cates o decreasing velocity of ejection in the
direction running NN from the HMg area in
Austraha lo Sangiran u Java. Still another
example of a directional eondition is provided
by the indochimtes at Pia Oac in North Viet-
nam and at Knchinari in northeast Thailand,
which have matcehing 3G polygons: the Pia Oac
tektites average about 30 grams versus about

Another

b
1
A
3
-
—— SG POLYGON MATCH
-~~~ UNIQUE CHEMICAL
i«- ‘ MATCH
! ! { :
Y \ | i . ]
i Fig. 6. Tine structure distribution pattern of Australasian tektiles as determined by match-

ing chemical analyses and matching polygons of specific gravity.
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TABLE 1.

Dran R. CuarMan

Iixamples of Muatching Chemiceal Analyses
(Oxides in weight per cent, elements in parts per million.)

Mat:h 1 Maten Hasen tgtah A “tatch S Match 6
P20 AlSA AN315 p3Lls sonez ey’ Togl 11i0 AlS9 g8z AND26  BNS
Pato- 27 mi. touang Surat an Fia files Jangi- Zer- Billiton
balani s0. of Yandal Kubau Tehesa “hari Yook Dac Zraek ran pentine is.
C. Grove Cook tlan iun Java Loke
sG 2,435+ 2. hbse 2k 2.010+ k2SS 2 L20+ 2,400+ 2426 2 4kSs 2 LET 2WT7 2.L8¢
RI 1.509 1.512 L 1.513 1.53% .50 L5070 1.70: 1.508  1.51% 1.512 1516 1.519
310, 172.5 72.1 70. T1.5 T IR Tuk TRLE Ta.1 70.5 71.0
A1,03 12.8 12.9 1. 13.0 17,3 13.% 13.1 13.8 1.9 12.b 131.7
Fel L.52 L7 L. b.sg bLTT e .56 L fa 3,65 5.66 .04
g0 2.15 .18 2. 2.2 jalads 2N 197 1.93 .48 3.k2 3.61
Cal 2.7T1 2.89 3. 3.:1 1.5k ced 2.8 2.7 2.71 .21 2.16
Ra,0 1.54 1.50 1% 1.50 1,31 123 1.31 1.17 1.07 1.k2 1.30
K00 2.61 2.53 2. 207 2.47 2.3 .39 2.39 2.03 2.2% 2.12
Ti0, .15 .82 . 18 .72 .16 67 .73 .€8 .78 .67
B 19 20 22 39 21 27 1l 13 18 2 2n 21 =8
Ba Lko k30 LLo 400 350 ko s Lu3 350 “1< Log 260 380
o 12 1 16 .3 18 20 1 1 17 23 3 37 36
Cr 78 120 Iz 105 120 1) 52 Gl 56 Ry 2k 22 280
o L 5 : 2 : N ] -4 -4 5 5 5 ]
Mn 800 730 700 €70 200 SO T ho 880 TG 790 30 830
i 27 29 i3 75 o0 110 i 1% 12 250 290 295 370
v 89 89 5T ) G35 71 iz 55 es V3 cé 70
k4 2 0 27 bl 27 o2 ::‘ a7 o 20 32 29 27
Zr 2L0 270 =80 270 250 290 00 300 290 Rl 280 280 280
Match T Natch A ateh @ tatch 19 Mat-h 11
aN122  JT1 HAILY T2 s anosy anes rige 159
rear Sangi- datuna  3an ) L Alton Fisuquin ~fangi-
Young ran is. ‘lae Doms  Luzon ran
Range Java Jong R:5%3 Jave
sG 2.L55+  2.u57 2,455 o bbie  0bL? L0473+ 2,380+ 2,300+ 2,385 2.307 2.511
RI 1.514 1.51 1.9 1.511 1.511 1.hoe, 1.497 1.0 1.507  1.32% 1.527
810, T1.T 2.0 7.3 TouT 77.9 75,8 a9k £9.5
Als,03 12.5 12.0 2.z L2.5 13,5 1..6 11.7 Mt 12.2
el 5.20 5.32 S 1 b, 87 300 3.27 el 6.70 £.9%
4g0 2.99 3.19 3.0L 2.k 1.52 152 1.53 5.01 5.06
3] 2.8k 2.29 2.5k N7 2.08 1.7% 1.70 2.8 2.1
Ta,0 1.36 1.31 1,549 1.32 1.1€ 1.0b 1.07 .R3 .75
¥,0 2.3 2.26 2.k 2.3 2,14 zan 2.8 1.7S 1.67
Ti0- .12 59 .08 Qs .e3 LT &r e .68
B 2a 3k bk 10 0 1% ] an s 5 1o
Ba 380 270 00 Lho 395 1) et Lo U235 4Q0 kag
Co 3 26 27 18 3 g 10 1 1 Ly ko
cr 210 210 195 120 17 4 i 76 50 310 300
Cu 5 5 [ 5 4 5 -k -t ) H i
Mn 8Lo 8.0 205 230 900 €10 410 &53 80 =97 200
i 230 200 215 100 165 i) 17 oL 20 325 30
v 73 6L 8o 76 69 b 2l R L5 g3 63
v 26 2k 30 29 29 31 el o7 2k 23 2
Ir 260 260 290 310 305 350 220 I 320 3L 265

19 grams in northeast Thailand. In this case
the direetion of decreasing velocity of ejection
(increasing size) runs northeast. At three dif-
ferent localities in northern Luzon where tek-
tites of intermediate Ni content are found (42
ppm < Ni < 53 ppm), the average weight is
between 6 and 14 grams, whereas it i1s a little
less than 6 grams at Busuanga in the south-
west Philippines. In this ecase the inferred di-
rection of decreasing ejection velocity is NNE.
The Sangiran TT tektites of high SG average
less than 1 gm weight; and, among 141 ex-

amined, the largest weighed 6.1 grams, whereas
all the rest weighed less than 2.6 grams. In
contrast, the tektite with a matching analysis
in northern Luzon (P192, mateh 11 in Table
1) weighs 8.3 grams. Hence this inferred direc-
tion of decreasing ejection velocity is from Java
NNE to the Philippines.

Composite distribution pattern. Assembled
in Figure 7 is a composite map showing the
loealities of microtektites, the zones of various
chemical type, the lines of fine structure, and
arrows indicating the directional condition of
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Recreasing cjection veloeity (V). This map
V ' marizcs th(- ])I'ill(‘i])‘ll ()l( ments known nbont

bh()\\e ’lh 1t tho pattern is nonmdn]
Mthout a center of emanation, is evidenee that
)the shower was not of terrestrial origin, In es-
msence, Figure 7 provides a rough Rosetta stane
“for deducing from which lunar erater the tek-
tltes came.

' DererMrNaTioN oF ORIGIN

The mcthod used to determine which lunar
“erater could have distributed ejeeta on earth
-+n the particular pattern of the tektites is the
“time-honored method of trial und error. Evi-
~gence that the source erater was both large and
~geologically voung greatly limits the number of
trial craters: the fact that the moon presents
-substamnll\ the same face toward earth

Bgreath limits the variety of distribntion pat-

. terns for a given crater. For each trial erater,
+ & determination was made first of the azimuthal
:' heading direction § (measured in degrces north
_of lunar east) required to launch material to-
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ward carth. then of the devational angle 8
(measured from the loeal Junar zenith) required
to It the Australasian part of the globe. Nu-
merous monn-to-earth trajeetories were com-
puted for a 2° spread in hoth 8 and B, and for
the complete range of hmar ejection veloeity
1y that sends material directly 1o earth. These
computed patterns and the tcktite distribution
pattern were then compared.

The computer program used in the present,
caleulations of moon-tu-carth trajectories is a
much refined version of u program used earlier
[Chapman. 19647, In this previous work the
lunar equator and the liar orbit plane were
assumed  to coincide with the ecliptic plane,
and the lunar orbit was taken to be eircular.
The present program takes into account the
2°9" mean inelination of the lunar orbit plane
to the eeliptic, the 1°52 angle between the
lunar cquator and the eeliptic, the elliptieal
orbit of the moon, and the libritions in latitude
and longitude as preseribed by the laws of
Cassini. It also takes into account the regres-
sion of nodes, the advanee of apsides, as well as
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Fig. 7. Australasian tektite distribution

pattern:

Microtektite distribution and principal

features of distribution pattern for land tektites.
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perturbations of the sun according to an ap-
proximate theory worked out hy Dr. William
Mersman, In order to obtain a cheek on ae-
curacy, seven test cases were run both on the
present program and on the Apollo program
of the Real Time Compnier Complex at the
Manned  Spacecraft  Cenier, Tlonston, The
agreement in all cizes was satistaetory.

As was noted ahove, a 2° spread in both
azimuth (8) and zenith (B) angle at lunar
ejection was used for most caleulations. An uazi-
muthal dispersion A8 = 2° wnas selected from
observations of the width of Innar rays. Most
ravs are less than 2° wide, An equal eleva-
tional dizpersion AB = 2° was sclected partly
on the basis of a theoretieal interpretation {(de-
seribed Iater in this paper) of the mechanisim
by which lunar ray elements arve ejected from
their parent crater. The laboratory impaet ex-
periments of Gault et al. [1962] would sug-
gest that a value somewhat larger than Af =
2° might be more appropriate. For the rela-
tively narrow range in velocity of 2.5 10 2.9
km/see, which represents the velocity range
for 00¢5 of the material that ean hit the earth
from the moon, these laharatory esperiments
would suggest values for AR up to about 3° or
4°. Consequently, in order to investigate what
effect o greater clevational dispersion would
have, some landing patterns were computed
for AR = 4° (these are illustrated later). In
order to investigate what cffect a smaller dis-
persion would have, such as is observed for
some ray clements, landing patferns were com-
puted for a dizpersion AR = A8 = 1° (also
illustrated later).

The earth distribution patterns for each trial
erater were found to depend chiefly on the
lunar celestial longitude at the time of lunar
ejection. Only weak dependenee was found on
siich parameters as libration angles, sun po-
sition, and the moons position relative to
perigee. Increments in himar longitnde were
taken small enough to safely interpolate be-
tween computed patterns. No two patterns
were the same for different, eraters. Thus each
erater can be characterized by a unique sct
of earth landing patterns, analogons to a sct
of fingerprints, any one of which may serve
for the purpose of wlentification.

From the family of trajectory landing pat-
terns for a given crater, the only pattern il-

DEax R. CHAPMAN

lustrated herein is the one judged as coming /.
closest. to meeting the basie requirement of |
spreading ejecta across at Jeast the 74° range
m earth lattude (from 46°8 1o 28°N) pres.
cently known jor Australasian tektites. :\mong
the many tral craters that failed to match the

tektite strewnfield pattern, only a few will be

mentioned. Throughout the illustrations, the B

direetion of decreasing lnnar cjection veloeity
1y 13 indicated on the earth trail lines hy ap
arrow. Each trail line represents constant val-
nes of § and B, and variable values of Vi rang.
ing over the full spectrum from the highest

down to the lowest velocity that will Tand ma- ¥

terial on earth.

Landing patterns for three trial craters are B

shown m Figure 8 Strabo, situated In the
northern hemisphere of the moon’s near side,
meets the requirement of spreading materia]
over a 74° Latitude range, but is incompatible
with the tektite streak pattern, and with the
dircetional requirement, of V, deercasing north-
ward (Figure Sa). Strabo clearly provides no
mateh for the tektite distribution. Another ex-

ample of a trial erater that failed, as Figure 85

shows, 18 one situated on the moon’s far side
(latitude 10°N, longitnde 118°K). As g de-
creases. material from this crater would sweep
eastward. Other eraters on the {ar side are
similarly incompatible because of their gen-
erallv eastward trails on earth. Still another
example of a erater that failed is Copernicus
(Ficure 8¢). In this case the laiitude spread is
comparable to that of the Australastan strewn-
fickd, but the looped pattern does not match
that of the tektites.

It would bhe pointless to document further
various trial eraters that failed. Six years ago,
when relatively little was known about the
earth landing pattern of the tektites, a number
ol moon-to-earth trajectories were investigated
for 10 large, young, lunar eraters. Tt was found
that of these only Tycho was so situated as to
be able hoth to spread ejeeta generally north-
ward as Ve deereased, and to spread it over
the required latitude range [Chapman, 1964].
Two vears ago, when the present chemienl data
were partially complete, Tycho still appeared
to be the prime suspect [Chapman, 1968].
With many details of the landing pattern now
delineated, this prime suspeet can he put to 8
severe test.
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Fig. 8. Three representative examples of earth
. landing patterns for eraters that failed to maich
the obscrved tektite distribution pattern.

Figure 0 illustrates an earth landing pattern
for ejecta from Tycho. This pattern, for which
the lunar longitude at the time of ejection was
267°, conforms with the tektite distribution
patiern i all essential details. The over-all
longitude spread of tektites from near Mada-
gascar to south of Japan, as well as the corre-
sponding spread in latitude, is compatible with
the Twvcho pattern; the northwesterly streak
across Australia of the HCa australites 13
closely oriented with trail 4 of the Tycho pat-
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tern; the line of chemical mateh between Tas-
mania (Mount Darwin) and Central Austraha
(Alton Downs) virtually eoineides with trail
4: the ncarly northern streak in Western
Australia, of normal australites with matching
polveons of specific gravity, conforms with a
trail inferpolited hetween trails § and 9; the
curved crescent zone of the I1TMg tektites is
compatible with the curvature and positions
of irails 1 and 5: the various streak lines of
chiemical matehes within the IIMg zone are
also cither in reasonable or in very close agree-
ment with 1rails 1 and 5; the northeasterly
strenk lines across Southeast Azia are com-
patible with trails 2, 5, and 9 the nearly north
streak from Mabiva to West Thailand is parallel
to. and just west of, frail 9 (interpolate be-
tween tradls 9 and 6); the Nullarbor Plains
mateh with normal philippinites in Luzon (N
to L in Figure M falls along trail 1; and the
various dircetional eonditions for decreasing Ve,
as designated by arrows, conform with the
Tveho pattern at all areas of the strewnfield
for which these conditions have been deduced
from the toktite data. The chanee that these
many coineidences are merely accidental would
represent an improbability of epic proportions.

This, however, is not the total evidence. As
is noted i the upper right of Figure 9, the
matching patiern represents malerial ejected
from Tyveho in one particular heading  direc-
tion, nwnely, § near E 19°N; and at one zenith
angle, namely, B near 52°. A zenith angle of
B = &2°, corresponding to cjecta leaving 38°
from the lunar horizontal, 15 indeed a very
angle  for hypervelocity impact
ejecta. .\ more crucial test, however, is whether
or not. a ray from Tycho was shot in the par-
ticular heading direction of § = 19°. In Fig-
ure 10 the great-cirele direction represented by
& = 10° i5 designated by a short white line
extending about three erater dimmeters from
Tyeho. and by the Iarge arrow representing its
continuation near the eastern linh of the moon.
The heading 1:19°N from Tycho is scen to
coincide, in faet, with one of the moast promi-
nent rays of Tycho, the ‘Rosse ray.” which
streams across the Sea of Mare Nectaris over
the small crater Rosse in this sca. That the
Australastan tekiites came from the Rosse ray
of Tyeho is, in this writer's view, an ineseap-
able eonelusion.

reasonable
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Fig. .

Matching of earth landing pattern from Tyveho with observed tektite distribution

pattern.

Coxxate CrateR THEORY oF
TexTITE EVENTS

Certain evidence from tektite groups other
than Australasian has led sowme to the con-
clusion that tektites originate from earth rather
than moon eraters. Current age data from
both K-Ar and fission-track methods indieate
that two eraters on ecarth may have formed
simultancously with two tektite showers: the
Ries erater in Cermany simultaneously with
the Czechoslovakian tektites abont 15 m.y. ago,
and the Bosumtwi crater in Ghana simulta-
neously with the Ivory Coast tektites about
1 m.y. ago [Gentner et al, 1964, 1967, 1970;
Fleischer ct al, 196G5]. 1t is to be noted, how-
ever, that such an inference of a terrestrial ori-
gin for these tektites, which conflicts with the
aerodynamie and trajectory evidence of a lunar
origin for the Australasian tektites, is not the
ouly possible inferenee which ean be drawn
from the age data.

It might be thought, for example, that the
moldavites and Ivory Coast tektites are from
the earth, while the Australasianites are from
the moon. But, so extraordinary are the simi-
larities in physical makeup of all tektites that
this compromige interpretation seems unten-
able. Alzo, rocks having the same major and
minor element composition as Ivory Coast tek-
tites have not been found at Bosumtwi; like-

wise, rocks of moldavite composition have not
been found at Ries. More devastating to the
idea of a terrestrial origin for Ivory Coast
tektites is the recent discovery of Tvory Coast
microtektites in deep-sea sediments about 1300
km from Bosumtwi [Glass, 1968, 1969]. This
distance is much too short to have produced
any ablation droplets of tektite glass, vet is
much too far for these objects (the largest are
nearly I mm in size) to have traveled through
the earth’s atmosphere cither by winds or by
hallistie trajectories: and Bosumtwi crater is
much too small to have temporarily removed
the earth’s atmosphere,

Still a diffevent interpretation is that large,
crater-forming  objects  impacted the earth
simultaneously with the tektites. This broad
possibility was noted, though without elabora-
tion, by Fleischer et al. [1965]. A specifie model
advocated by von Koenigswald [1967] pictures
both the earth and moon as having simulta-
neously encountered a swarm of large meteor-
ites, some of which struck the moon and ecre-
ated tekites that later landed on earth, while
others struek the earth and formed contempo-
raneous craters accidently near the tektites.

An alternate model compatible with both age
and acrodynamic data is advaneed herein. A
tektite event is envisioned as originating from
a burst of composite cjecta spewn from a
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meteoritic impact on e moon, cjecta com-
prising myriads of tektites together with one
or more lavge Tragments of the origmal me-
teoritic projectile.. When this cjecia meange
lands on carth, cach laree fragment  would
excavale a tervestrial erator “eonnate’ with, but
pot & parent of, the tekites. At first it would
seern clitficnlt to explain by this hypothesi< how
objects as large as those that excavated the
Ries and the Bosumtwi eraters could be thrown
as fragments from a lunar erater. Around Ari-
zona crater, iron meteorite lragments were
found weighing of order 10°* of the estimated
mas< of the origimal wpacting meteorite. In
order 1o form earth eraters 1he size of Bo-
sumtwi and Ries Trom a2 meteoritic Iragment
of ma== 10" ot that which struek the moon,
the Iimar-impacting meteorite wonhd have to
be of such <ize as would exeavite a lunar erater
roughly 50 10 100 ki acrosz. Conzegiently,
tektite cvents forming connate carth eraters
the size of Dosmntwi or Rics ean ecome only
from lirge himar eraters, and therefore ean
occur only mfreguently, Thus the 14 myv. sep-
arating  Ivory  Coast and  Czechoslovakian

tektites, and the size of Bosumtwi and Ries
craters, appear compatible with the connate
erater ade.

I cs=ence, the coneept ol comuic eraters
mverts an apparently obvious as=sociation: it
imphes strangely that fektites are not on earth
beeanse certain Targe eraters of adentienl age
are, but viee versa. Past examples of inversion
theories, which twist around =cemingly evident
catigal aszociations, sometimes have sueceeded
eminently. The =un’s apparent revolution daily
around the earth, Tor example, 15 explained by
the earth revolving, vather than the sun. The
apparent ereation of swarms of infusoria and
baeteri seeminely out of nowhere from decay-
mg matter 1= also explined Ly an nversion:
by bacterial lite eansing deeay, rather than
decav eratneg le, Analogouzly, the present
theory of 1ektite events aszociiting a large
entity eausatvely with o multitnde of tiny
objects atrvibutes the existence of 1he large to
the associated swarm o small forms. rather
than the other way around.

A eonnate erater model for tektite events is
sonstrueted herem on the hazis of a eertain

DIRECTION OF RAY
ORIGINATING FROM
TYCHO AT EI9°N

Fig. 10. Source erater and ray of Australusian tektite ongin,



mterpretation of the visible structure of lunar
ravs. Telescope observations reveal that a lunar
ray is not continuons, but is generally com-
posed of a series of many elongate ‘ray cle-
ments’ [Pickering, 1892 Kuiper, 1065], each
closely aligned with the main ray. These ele-
ments commonly  resemble  an exclimation
mark ('), the linear streak appearing to spray
radially outward from cither a ‘craterlet’ or a
cluster ol eraterlets. These eraterlets are clearly
secondary craters made by ejecta from the
large primary crater. Near the primary crater,
rav elements are supcrimposed so  densely
upon one another that a ray there appears
“virtually continuous. Farther out the ray ele-
ments become clearly sepavated. Figure 11 1il-
lustrates two such clements: one, comprising
the eraterlet Rosze and its azzociated zpray)
is part of the prominent ray from Tycho that
is associated herein with Australasian tektites;
the other, comprising Messier A erater and its
associated spray, is possibly part of a ray svs-
tem from a erater zitnaded on the moon’s far
side. Whiteker [1065] states that the Messier
spray is precizely radial to an unnamed ray
center photographed by Tunik 3 on the back
side of the moon. Bilerbeck-Gentz |[1943] has
emphasized that the Rosse ray element appears
to be just one of four mutually associated ele-
ments aligned ncarly end to end. An adapta-

wats o
DIRECTION FROM
TYCHO

Fig. 11,

Deax R. CitaryaN

tion of his sketeh is presented in Figure 12,
The seale ean be jndged from the diameter of
Rosse (~13 km) and the visible leneth of itg
associated spray  (~220 km). These four ray
clements are interpreted heremn as the resulg
of four large objects of erater-forming size be-
ing hurled from Tyeho in nearly the same az-
muthal direction, shock-aceclerated and shock-
heated erust, being sprayed around and ahead
of each objcet as it left Tyeho.

The ‘eraterlet” Rosse is itself u large erater.
s size, 13 km in diameter, implies that ray
clemen s cun include very large objects. Situ-
ated approximately 1450 km from Tycho, it
would have been exeavated by a secondary ob-
jeet ampaeting at about 1.3 km/see. If that
same object were hurled to earth, however, it
would impact at 11 km sec, a nmch greater
veloeity, becanse of the earth's graviiational at-
fraction. According to crater scaling laws, an
earth aimpaet of the Rosse ohjeet would ex-
cavate a terrestrial erater of diameter approxi-
mately 30 km. Thus, earth eraters as large as
ties (24 km). or Bosumiwi (11 km), appear
well within the possible size realn for eraters
originating as commuates to a tektite strewnfield
of limar origin.

The large objects that trail a ray element
upon ejection from a primary crater must be
cither blocks of lunar ernst or fragments of the

DIRECTION FROM
RAY CENTER ON

MOON'S FAR SIDE

Lunar ray elements Rosse and Messier,
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original cosmie projectile. Around the Arizona
erater, large sandstone blocks are observed only
relatively near the erater, not far out. The frag-
ments of iron meteorite, in contrast, are observed
out to much greater distances (~7 km) such as
would imply, according to the equations of
ballistic flight in the earil’s atmosphere, a ve-
locity of ejection of several kilometers per
second (a velocity  sufficient to eseape the
moon). \ large projectile fragment can be
ejected from a erater with greater veloeity than
a large erustal block, since a block of target
crust. must be aceelerated from rest to its
launch velocity, whereas a fragment of pro-
jectile need only be redireeted, particularly in
an ohlique impact. Tvcho appears to have heen
an oblique impact: its asvmmetric splash pat-
tern indicates an approneh of the impocting
body along virtually the same direction as
that of the Rosse ray which contains the four
large sceondary eraters. For these reasons, the
large objects hurled as the trailing part of a
ray clement to great distances from their par-
ent erater are naot regarded as blocks of target
material, but as {ragments of the original me-
teoritie projectile,

The concept of a ‘cometary’ impact of nnder-
denge material appears to be hopeless in ac-
counting for the survival and ejection to great
distanee of large projectile fragments. At come-
tary velocitics. fypically 20 to 40 km /see, the
impact pressure 1s so high (~30 mb) and the
projectile temperature rise due to shock heat-

TFour nearly linearly aligned ray elements along Rosse ray of Tycho.

ing 1s s0 great (~10° °C), that the comct-head
projectile wonld be vaporized, and therefore
meapable of survival aud ¢jection i the form
of large solid fragments.

In contradistinction, sizable projectile frag-
ments can be expected to survive a lunar im-
pact of an iron mass coming from an asteroidal
orbit. Statistically, objeets from such orbits
would impuaet the moon at relatively low ve-
loeity, a httle over half in the range 3 to 7
km /see, according to the ealeulations of Arnold
[1965]. At 7 km/sce, the peak shock pressure
would be about 1 mb [Gault and Heitowit,
1063: Braslaw. 1970], at which pressure the
residual  temperature rise in iron would be
about 650°C [McQueen et al.. 19627, Since
this 18 much Jess than the 1500°C melting
temperature of iron, the fute of sueh an im-
pacting iron projectile would be mainly frag-
mentation. Relatively little melting, and negli-
aible vaporiztion, would oeeur.

That very laree fragments can survive im-
pact and he ejected far from their Junar erater
is thus plausible for impacts of asteroidal iron.
Meteoritic Fe-Ni inclusions have been found
within Australasian iektites, within Ries glass,
and within Bosumtwi glass, Conzequently, the
present model for tekiite origin from Innar im-
pact craters, such as Tycho, postulates an orig-
inal cosmice projeetile that was relatively strong
and incompressible. probably iron or mainly
iron, and that came from a relatively low-ve-
locity orhit of asteroidal type.
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It is envisioned that in forming ray cjecta
the elevational angular spread (Af3), within
the spray of a ray element, and the azimuthal
angular spread (A8), would be roughly the
same. At the instant just after the impacting
meteorite penetrates helow the surface, when
it has fragmented and begun to spread out
radially, it is clear that the erustal movement
cannot be perfectly svmmetrie. As large blocks
of lunar erust begin to fracture, and to move
outward, gaps bhetween these crustal blocks
will first appear at a discrete number of places
around the embrvo crater. It is hypothesized
that a ray forms when the melange of frag-
‘mented meteorite and fused crust under high
pressure squirts out. through such gaps. During
this squirting acceleration, fused crust of den-
sity 3 g/em® is more mohile than iron frag-
ments of density 8 g/em?, and thus will tend to
move around each fragment and spray ahead.
This process is snggested as a possible mech-
anism of forming ray elements. Sinee, on the
average, sueh fragments would be alout as high
as wide, Af would average about the sume as
Ad.

Figure 13 illustrates the degree to which a
departure from the approximation A8 = AS§
could affect the ‘I'vcho pattern. The earth land-
ing domain for A8 = 4° (B = 50° to 51°)
1s seen to be only shightly greater than for
AB = 2°, and not differcut enough to aficct

| LANDING AREA FOR &7~
Ty BB=4°

R ey L 3 |
N T

Deax R. CrarMax

any conclusion. It is to be remembered that
A§ = 2° represents a dispersion broader than
the observed width of most lunar rays.

An important feature of the present mode]
is that tekfite events can be of more than one
type: a ‘complete’ event if both a large mete-
orite fragment and most of its associated spray
lamds on earth; an ‘incomplete’ event if part
of the spray lands while the large fragment
misses the carth; a ‘truncated’ event if the
fragment together with only a small portion of
spray lands on earth while the major portion
of spray misses and travels off into space: and
a ‘compound’ event if two or more {ragments
with their associated sprayvs land on earth,
Thus a tektite event, if compound. may involve
two or more connate eruters on earth: if in-
complete, no connate erater: if truneated,
tektites may land on carth in only a very re-
stricted geographieal area mear their connate
crater,

A number of significant observations about
tektites bhave long required explanation. From
the present theory of tektite events, and from
the moon-to-earth trajectory computations, ex-
planations ean now be given as to why tektites
are not spread all over earth, why the molda-
vites and Ivory Coast tektites are not found all
around their connate earth eraters, and how it
15 possible for very restricted tekiite distribu-
tions. such as the moldavites, to bhe compatible
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with a lunar origin. From some reccnt. experi-
ments, an explanation also ean be given as to

- why tektites are mainly acidie and not hasie.
. These and some other explanations pertinent

to tektite origin are presented in Appendix 3.

EVIDENCE FROM APorrLo Rocks RELEVANT
70 TEKTITES

Dircet imformation about lunar rocks is Iim-
ited as of this writing to the samples returned
from Apollo 11 and 12 landings, both in maria
areas. Since three-fourths of the lumar surface
is covered by uplands, 13 vet unexplored, our
present knowledge ahout Junar rocks must be
far from complete. Although the Australasian
tektites are concluded to originate from an up-
land arca, whereas these Apollo landings were
in maria, several obscrvations periinent to
tektites have emerged from the Apollo data.
First, glass in great abundance has been found
in the mare soil. Mueh of this glass is of the
size and form of microtektites. Since the mare
glass yiclds unmistakable evidence of impact
origin [Chao ct al.. 1970; Frederiksson ot al.
1970; von Engclhardt ct aol., 1970], we now
have direet evidence that huapaets have splashed
large quantities of glass over the hinar surface.
Undoubtedly some gliss has splashed beyvond
the moon's weak gravitation. and hence there
can he no reasonable doubi that Innar impact
glass has long been here on carth.

Second, one of the samples from Apollo 12,
rock 12013, has a composition remarkably simi-
lar in most respeets to that of some tektites.
This rock exhibits a light and a dark com-
ponent. The light part containg up to 719
Si0, [ Morgan and Ehmann, 1970] and 1= atypi-
cal of the main mass of baaltie rocks returned
from the lunar maria. It may be an acidie dif-
ferentiate of marc-like basalts {Albee ot al,
1970 Laul et al., 1970; Walkita and Schmitt,
1970a]. Although termed ‘granitic’ [Albee et
al.. 19707, the abundances of Co, Cr, and Ni m
12018 are strikingly different from earth gran-
ires (10 to 100 times higher); water and ferric
iron are lacking; and MgO and CaO are com-
paratively high. Also, K.) is considerably
higher than Na.0 in 12013, whereas the sum
Nn.0 4+ K.O is signifieantly lower than in typi-
eal earth granites. These unusual character-
istics are precisely those that long have rypified
tektites. particularly the HMg type. (VKeefe

AusTranastas Texrrre Onriciy
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[19707] has pointed out the close similarity in
major clements hetween the preliminary analy-
sis of 12013 and the HMe Javanites of high
SG (e.g.. JSG6, JST). In Table 2 tlis compari-
son is auphfied to include minor elements,
some more recent annlvses of 12013, and an
additional tektite amalysis (12). The abun-
danees ol 20 out of clements in 12013 {all
in the tekiite ranege (all but Ba, Y, Zr): and
the abundances of the majority of clements
are clusely the same as the tekiite values.

a0
)

The over-all composition comparison between
12013 and the tektites is not sulliciently close
or complete to constitute in itsclf sirong evidence
that tektites come fram the moon. Rure earth
clements in 12013, for cexample, exhibit a
distinetive trend [Schnetzler et al.. 1970; Hub-
bard ¢t ol., 1970] not {ound in tektites. In par-
ticular, Fu shows a pronounced deficiency rela-
tive to the other rare earth clements. Lunar
anorthosites, in contrast, show a comparably
pronounced Eu excess [Walita and Schmutt,
107007, Thus it appears poss<ible that still other
hunar roeks may exhibit the intermediate case
of a Lu abundanee more like that found in
iektites.

Further diffcrenees hetween the chemistry of
tektites and that of the lunar rocks returned
thus far are fonnd in the oxveen izotopes ratio
[ Taylor and Epstein, 19707 and in the pattern
of lead isotopes. Sinee isotope ratios can be
affeeted by chemieal and thermal fractionation
processes, they may be different for material
that comes from distant upland areas, such as
the environs of Tycho, that are fur from the
mure areas explored thas far. In most lunar
samples studied to date, lead i= highly radie-
aenie, althoueh the measurements by Andersen
et al. [1970] on lupar ilmeuite reported lead
1otope ratioz similar to eommon terrestrial lead.
The Ph isotope pattern reported i several
tektites is sanilar to ferrestrial lead. but in at
least one tektite iz distinetly different [Stards
ct al.. 19627, Thus far the amount of lead isotope
data availalle on tekbites, as well as the variety
and number of sites sampled on the moon, are
considercd ioo meager io firmly exclude either
a terrestrinl or a lumuar origin for tektites.

The over-nll compansen between 12013 and
HMe tcktites appears sufficiently elose to be
ol some significance. The TIMg wekiite group
is a very distinct and well-defined chemical
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TABLE 2. Composition Comparison between Apollo 12 Roek 12013 and Tektites
(Oxide in weight per cent, clements in parts per million.)

Apollo 12 Ttock 12013 H2\Ig Tektites

(1) (2) (3) (1) (5) (6) (7)
Si0s 61 1 64 71 1.5 65 (11§
AlQy 12 11 12 11 13 13 13
FeQ 10 12 9.6 9.6 8.6 7.9 S0
MgO 6.0 8.0 6.5 6.
CaQ)* O.0 5.2 6.4 3.9 2.4 3.7 3.9
N0 (.64 .16 1.36 1.25 .72 0.77 .75
o 0)* 2.0 2.0 2.1 3.6 1.4 1.56 L.+
ThO. 1.2 1.3 0n.s 0.8 0.7 0.8 0.8
MnO) 0,12 0.16 0.14 0.12 0.18 0.13 0.14
B 13 11 21 21
Bat 2150 2720 2750 3000 410 315 425
Co 1. 35 20 28 a6 18 H2
Cri L0530 1770 1160 u80- 440 370 400
Ga 6 6 6 3
I.a 50 60 oY 60
Ni 105 230 245 250
Ph* a0 <10
nh 33 50 49 99 66
Sr 150 175 171
I 21 28 22 20) 16 16
V 13 S 100 70 S0 1) S0
Yt 240 32 35 34
Zrt 2200 230 310 275

(1) Lunar Sample Preliminary Examination Team [1970].
(2) Fragment 37 + 21 from 12013; WWakita and Schmitt (1970, Si from Morgan and Ehmann (1970]; Ga

and Rb from Lawul ct al. [1970].
(3) Fragment 18 from 12013; ilnd.
(4) Fragment 41 from 12013 ibid.

(6) Javanite JS6, chemical data from USGS (ML Carron and C. Annell).

(6) Javanite J2, Chapman and Scheiber [19G9],

(7) Juvanite JS7, unpublished data of Chapman and Scheiber.
* Apollo 12013 values conform closely with corresponding values for Australasian tektites other than

J87, J86, J2.

t Apollo 12013 values not withiu fuctor of 2 of other tektites.
1 Apollo 12013 values within factor of 2 of other tektites.

family exhibiting clearly the elassienl trends of
an igneous differentiation sequence: analyses of
this group [Chapman and Schetber, 1069]
show that as Si inereases. Mg, Ca, Cr, Ni, Co,
and Ni/Co decrease; Na, I, Sr/Ca, and
Rb/Sr increase; Co-Mg and Co-Fe retain close
cohercnce; Fe/(Fe 4 Mg) and normative py-
roxene and Na/(Na 4+ ("a) in normative pla-
gioclase bhoth inerease; and the trends on an
FMAlk ternary dingram conform o those of
classical ervstal fractionation. Yet the HMe
tektite chemistry s clearlv not that of earth
igneous rock chemistry, and it is not. that pro-
duced by vapor fractionation. For these rea-
sons it has been conclnded (ibid)) that this
tektite chemistry must represent an extrater-

restrial igneons rock chemistry. That the Mg
tektite chemistry, which 1s so distinet from
carth ieneous rocks, happens to bhe o0 close in
composition to the first acidic roek returned
from the moon is surely an observation that
shoutld not pags nnnoticed.

The Apollo missions alse have revealed data
that have Dbeen interpreied as constituting a
nujor diflienlty for the lunar impaet origin of
tektites. Thus far only old rocks with differen-
tiation ages 3.5 by, or more have been returned
from the maria landing sites of Apollo 11 and
12, In contrast, 1ektites are comparatively
voung, less than 2.5 by. The lunar uplands,
it is reasoned, are even older than ihe maria,
and therefore not a likely source of tektites.
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,“vParl‘l_v beeause of this apparvent  difficulty,

EO’K(‘C,[(,‘ [1970] has abandoned the widely ae-

cepted hyvpothesis of impaet origin in favor of
the oldcr hypothesis of Junar voleanie origin.

* The latter, he suggests, circumvents the age

difficulty, simee the diflerentiation age of vol-
canic cjecti conld be nearly the same as that

-~ of the final paroxysmic eruption which hurled

the cjeeta into spuce. However, an alternate

~explunation not ncompatible with the Junar

impact hypethesiz also appears possible; the

Canclent uplands, even though comprised muinly

of basic material. may contain acidic mirusions
of varions ages ranging from old to voune. The
combined physical processes of impact splash,
atmosphere entry, and solution decomposition
on carth (az explained in Appendix 3) could
have resulted i dissolution of the basie glass
and sclective survival of the acidic elass. Thus
the appavent differentiation ages of lunar im-
pact ¢lags which hinded and survived on earth
of hasic material in the moon's crust.
Tnasmueh as Surveyor 9 landed near the
would be generally vounger than the main mass
north vim of T'yveho and obtained a chemicad
analysis [Twkerich et al., 196S; Paltersm ct
al., 19707, it is of interest to compare this with
the tektite data. Crater ejecta are deposited in
an inverted order {o the original stratieraphie
lavering, henee, Surveyor 7 is presumed to have
Linded on low-velocity ejecta from the last
stage of Tveho throw out. Sueh ¢jecta could
have come from plutonie rock as deep as 10 to
15 km below the original surface [Gault et al.,
1965]. Tektites. on the other hand, are thought
to originate as high-velocity fused ejecta from
A relatively early and more hichly  shocked
stage of the erater excavation process, and thus
to represent rock originally from muech shal-
lower depths. The Survevor 7 analvsis resem-
bles anorthozite, 8 rock with Si0, (46¢5) con-
siderably lower, and with CaO  (18%) and
ALO; (2297) considerably higher, than in tek-
tites. However. if an extrapolation to lower
Si0, were made of the compositional tremds
for the fumilv of HCa australites, which vary
svastematically over the range of Si0. from
NS00 down 1o 669 [Chapman and
Selieiher, 1969, Figure 9], a composition not
greatly different from anorthosite would be ob-
tained. Whether or not a single family of rocks
will be found on the moon with such a wide

about,
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vartion in SiO., and with chemical character-
istiecs  which  interlink  HCa  australites 1o
anorthozite-hike rocks. is something yet to be
deternmued  from futare Junar explorations.

CoONCLUDING HEMARKS AND TMPLICATIONS
FOI SELENOLOGY

Wherens i new theory in physieal science ean
be verified repeatedly by direet evidence from
[aboratory expernnents, any new theory in nat-
ural science aliout an event as ancient as the
tektites must neceszarily rest on elrcumstantial
evidence. As inoa conrtroom trial, then, the
pregent cirevmstantial evidence for the ease of
tunar tektite orvigin is summarized as follows:
We have the aerodynamie ablation  evidence
that the Australisian tektites came throngh the
carth’s atmosphere as eosmie bullets from the
moon; we have the evidence of a ‘erater de-
leeti,” Tyeho, in the southern hemisphere of
the moon within the vieiniry where the com-
puter trajectories fix the =eence of the crime;
we have further the evidence still vizible that a
shot was fired from Tycho in preeisely the
richt direction; and we have the dentfying
fingerprint provided by muatehing the pattern
of tektite distribution with the pattern of tra-
jectory frails from Tveho. Moreover, from the
Apollo data we have the cvidence that glass
of the =ize and form of mierotektites has been
gplazhed extenzively over the moon; and that
the composition of the first acidie rock re-
turned from the moon closely resembles in
most respeets a tektite composition. In all, this
is enough to prosecute for a convietion before
the jury of the seientific community.

In view of such evidence. 1t scems warranted
to outline some consecenecs to selenology that
are implicd by the conclusions about tektite
origin. Tmasnmeh as tektites are high iu siliea,
and the Australasianites are estimated to com-
prise as much as 107 tons of such glass, the
concept of tektite origin by meteoritic impact
on the moon elearly imphes that:

1. Much glazs has been splazhed out of im-
pact eraters on the moon.

2. The moon has evolved rocks very high
in siliea, up to at least 8300 R0, (899 S0,
if Darwin gliuss iz econsidered as tektite glass).
Since it i3 generallv acecpted that high-silica
rocks on carth are evolved in a late stage of
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magnetic differentiation, we are led to the fur-
ther implication that:

3. The moon’s interior has bheen hot, at
least in spots. The Rb-Sr isotope ages of the
four known tcktite cvents range from a few
hundred million vears for Australasian tekfites
to as much as 2.5 X 10° years for Ivory Coast
tektites. It would be very improbable that a
random sample of only four portions of the
Iunar crust would econtain a specimen cither
of the youngest rock on the moon or of the
oldest. Hence:

4. The formation of rocks on the moon (and
thus lunar voleanism) must have spanned a
very wide range in time. from geologically old
to geolagically young. The general chemistry of
tektites in many respects is so similar to carth
rock chemistry that geochemists have com-
monly preferred an earth origin for the tektites.
If geochemists ecannot clearly discern tektite
chemistry from earth rock chemistry, then we
cannot avoid the implication that:

5. The chemical origin of rocks in parts of
the lunar crust is somehow closely related to
the chemiecal origin of earth rocks. The princi-
pal conclusion "of the present investigation—
that the Australasian tektites eame from the
Rosse ray of Tvcho—leads to two additional
implications:

6. Tyvcho was formed at the same time as
the Australasian tektites, about 700,000 years
ago according to present age data.

7. The lunar upland areas near Tycho have
evolved a number of different varieties of
acidic igneous rock ranging widely in chemical
composition.

Some, but not all, of these selenological im-
plications have been confirmed by Apollo land-
ings. As yet none have heen demolished. Impli-
cation 1 has been decisively conflirmed by the
discovery in the lunar regolith of embarassingly
large quantities of glass of microtektite size
and shape. ‘There are glass beads in every
erater you come to and look in,” Apollo Astro-
naut Bean eommented. Tmplication 2 has not
vet been positively confirmed; but the diseov-
erv of glassy mesostasis containing as much as
78¢% 810, within the interstices hetween crystals
of the Apollo 11 basalts [Roedder and Weiblen,
1970 Kushiro et al, 1970, Keil et ol 1970;
Agrell et ., 1970; Anderson et al., 1970] has
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led to the anticipation that granite-like rocks
at least this high in silica will be found some.
where on the moon. Implieation 3, long anti-
thetical to the ‘eold moon’ idea, is consistent
with Apollo 11 and Apollo 12 findings: the
upwelling of hasaltic magma of sueh vast ex-
tent as the maria, and the elear differentiation
sequence of the Apollo 12 rocks [Lunar Sam-
ple Preliminary FEramination Team, 1970] are
compatible with this implieation. Implication 4,
though, has not vet been confirmed. Inasmueh
as only geologically old rocks have been identj-
fied thus far in the Apollo samples. Since ba-
salt, anorthosite, and a ‘granite,” all rock tvpes
common on earth, have already been returned
by the astronauts, implication 5 is considered
to be reasonubly corroborated by the Apollo
data. Implications 6 and 7, however, remain
to be tested by future landings in the lunar up-
lands.

ArpEnpIx 1. Previous ArteyMPrs o OGTLINE
THE INSTRIBUTION PATTERN

It may be of interest to explain why previous
attempts to define a geometric pattern within
the strewnfield of Australasian tektites have
led to patterns different from that constructed
herein. From early measurements of the spe-
cific gravity of australites mainly from the
three concentration centers of Victoria (2.41+4
mode), Charlotte Waters (2434 mode), and
Kalgoorlie (2.454 mode), it was thought that
there was a simple gradient pattern of silica
decreasing from east to west across Australia
[Summers, 1909; Baker and Forster, 1943].
But our more complete data on SG from more
than thirty different australite localities now
show that the population of highest SG is not
in western Australin but is near the eastern
coast (Uralla, 2464+ mode), and the australite
populations of lowest SG are not in eastern
Australia but in central Australia (2.38+
mode). Thus these ecarly SG data were simply
inadecuate in scope. A different pattern was
suggested by Beyer [1033], who constructed
from 25 chemical analyses then available a
‘ereat-circle band’ running northwest from
Australia across Southeast Asxin. His data also
were inadequate in number. Still a different ap-
proach was taken by Cohen [1962]. Mainly
on the hasis of the Ni abundanee at ten locali-
ties in the northern part of the strewnfield, he

- Teys

P il

O S

SRR

-

S

drew & two-lol
from Thailand
ppm) extendh
and one lobe
tending southy
measurements
calities 1s wel
all ten Jocality
ferent pattern
ties with Ni ¢
now heen foul
Pasucpun, 328
ppm; DPlatea
MNar, 290 ¢
ppm). From :
ture, prineipa
size, Furnes []
patiern exists
the northeast
Thailand and
ties tn this an
be interpreted
a pattern that
deduced from
of the present
used in these |
fliet with tho
the strewnfielo
too complex fi
have been dise
data previousl:

Recently, fr
pattern of at
[1970] observe
tribution coul
from Port Car
and one from
Lake Wilson. |
ble with the di
from the patte

ArreNpIix 2,
Usk oF Spe

The data i
anilyses were »
among all but
types. For exa
Tre Lai in No
laya, and at )
mutually quite
inent mode at



te-like
fonnd g )

A lone

two-lobe distribution pattern cmanating
ailand, one lobe low in Ni (less than 32
extending castward to the Philippines,
¢ lobe high in Ni (over 125 ppm) ex-
southward to Java. But our subsequent
ements from about 20 times as many lo-
as were available to Cohen (including
localities used by Cohen) outline a dif-
pattern (Figure 3). A numbcr of loeali-
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. For example, the SG polvgons at Ban
a1 in North Vietnam, at Pahang in Ma-
and at Lumpoon in West Thailand are
ally quite similar, each exhibiting a prom-
mode at 2434 of the type illustrated
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by Pilang in Figure 4e. The Ban Tre Lai
specimens are all low N1 (four analyses) and
melnde some HCu.B types, whereas the Pahang
specimens are all medium-ligh Ni (three anal-
vges). Henee, this particular pair of localities is
not taken as a match. On the other hand, tek-
tites in Malaya are of the same chemical type
as those in West Thailand ((Chiang-Rai’ tyvpe,
CaO/N g0 greater than or equal to unity, with
medium-high Ni); their SG polvgons are also
of the same homogeneous type; and individual
specimens from Batu Gajah o Malaya, and
from Ban Muae Jong in West Thailand are
tound to chemically mateh (Table 1, match 8).
This pair of localities in Malaya and West
Thailad, therefore, 1z tuken as a match. As
another illustrative example, a speeimen from
Serpentine . Lakes,  South  Australia,  nearly
matches the chemistry of a West Thailand
specimen [Chapman and Scheiber, 1969, anal-
vses 31 and A6 ). The 8G polvgon at Serpentine
Lakes, Lowever, i1s of the heterogencous type,
without a prominent mode (Figure 4b), and
with high SG speamens (above 2.46): whereas
those in West Thailand are of the homogencous
‘spike’ type with a very prominent mode, and
without high SG specimens (Figure 4¢). Hence
Serpentine Lukes and West Thailand are not
taken as matching localities. As a final example,
chemieal matehes with Dalat tektites are found
in North Cambodia and ulso in South China
{Kouang Tcheon Wan). The SG polvgons in
North Cambodia, however, are relatively heter-
ogeneous, cont:aning high SCG specimens (above
2.16), whereas the SC polygon for Dalat and
South China cuts off at 2.45. The Dalat polygon
hus the same mode and is closely similar to the
higher SG component polygon of the bi-modal
polygon for Kouang Teheou Wan; and chemieal
matches exist between these two loealities (Table
1. mateh 3); henece Dalat and Konang 1'cheou
Wan are taken as a match.

Arrexpix 3. Poszsiie Fxrraxarions or
SoME SIGNIFICANT OBSERVATIONS ABOUT
TExTITES
Why teltites are glass.  Crater ejecta shoek-
accvlerated to a low veloeity would comprise
muainly warmed breeeia; but ejecta shock-ae-
celerated to Innar escape veloeity would com-
prise thoroughly fused material. This follows
from the Rankine-Hugoniot law for energy
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partition in a strong shock wave: AK = V.72,
where £ s the internal energy per unit mass,
and V, is the pariicle velocity reached hy shock
aceeleration. Shock acceleration to 17, = 2.6
km/sce, the most probable himar ejecta veloeity
for hitting the earth, would impart (2.6 X
10%)7/2 = 3.4 X 10 erg/g of internal energy.
After ejeetion into space, and adiabatic unload-
ing of pressure, about half to two-thirds of tlis
energyv would remain as internal energy, cor-
responding roughly to 500 cal/g, or to tempera-
tures of about 1300°C. The simultancous com-
bination of high temperature with very high
shock pressure (hundreds of kilobars) is be-
licved to be sufficient to thoroughly fuse sili-
cates. We can thus evplain why tektites are
glass: why unfused mineral grains are rare in
tektites; and why gobs of partially fused tek-
tite material are not found on earth. An impact
creates much more brecelated and  partially
fused material than gliss; but such material,
low in velocity, would remain near its source
on the moon. '
Why tektites wre not spread ol over the
earth. The areal spread on earth of tektites
from a single cvent is confined to only a por-
tion of the globe by the pronounced ecffect of
earth gravitational focusing. This can be 1llus-
trated by the moon-to-earth trajectories for
the ejecta from the Rosse ray of Tvcho. Shown
to seale in Figure 14 are the positions of a
cluster of 16 particles at three different times of
1, 2, and 29 davs after leaving Tveho. Two
views are depicted, one normal and one parallel

MOON A
o/_"___._'f.«___-‘.‘.ﬁ N ..,fz_
* 1 pay o

TRAJECTORY OF
CENTER PARTICLE

DEeAN I, CHHaAPMAN

to the celiptic plane; the moon position is shown
only a: the instant of lanar impact. These 16
particles leave the moon with an azimuthal and
an clevational velocity dispersion cqual to 3%
of the mean eluster ejection velocity (a disper-

sion cquivalent 1o A8 = 2° in azimuth, and
AR = 2° in elevation). The longitudinal ve-
locity digpersion, 255 to 2.73 km/sce, s 89

of the mean velocily, eorresponding to several
times the transverse dispersion. This is roughly
the eloneate proportions of typical ‘ray ele-
ments’ visible on the moon. Velocilies greater
than 2,73, or less than 255 ki, ‘see; wonld miss
the earth. It 33 scen that aifter one day the
cluster has spread over dimensions several
times the earth’s diameter; and at 2.9 days,
when the leading partiele hits earth, the re-
maining particles ave strewn in space over a
third of the distance to the moon, stretehing
ahout 150,000 km along, and about 50,000 km
transverse to, the mean trajectory path. Yet,
at 3.5 days, all this highly strung-out cluster
has lunded on earth confined to a geographic
spread of only 13,000 km in longitude by 9,000
km in Iatitude! Some scientists have  disre-
garded the idea of hinar tektite origin on the
unfounded beliel that impact ¢jecta from the
moon would spread all over carth. Such ‘object-
tions' overlook, among other things, this pow-
erful effect of earth gravitational focusing. The
carth’s rotation, it should be noted, also hap-
pens to he in sueh o direction as to compress
the weographie longitude spreard of the cjecta
relative to what it would be without rotation.

PARALLEL TO ECLIPTIC PLANE

VIEW
ECLIPTIC
MOON . e
N it

TRAJECTORY OF
CENTER PARTICLE

Fig. 14.

FINAL DISTRIBUTION
ON EARTH
3.5 DAYS {2

Seale diagram of cluster position and spread in space during travel from Tycho

to earth.
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$icapes the moon must miss the earth. Tt has
’qbeen anggested that this fraction wonld later

return atd that glass in the recognizable form
~f tektites shonld be spread randomly over
arth. Stieh returnz, however, require on the
gverage the order of 109 vears or more before a
‘probable enconnter with earth: whereas the
meant Lifciime e =pace hefore destruction of
tektite elass v metcoric hombardment,  as
Gault ard T edelind T1069] estimate, s sev-
eral orders of magnitude less. The ‘returns,”
therefore. would not he tektites, but tektite dust
comprizing only o small fraction of the total
meteoric dust that continually enters the earth's
stmosphers. Somne of the small particles may
also he destroved by the meclnnism of ‘rota-
tional hursting” deseribed Ly Paddack TT9697.

Whay moldevites and  Trory Coast tellites
are nol fowwd all around their connate carth
craters.
model for fektite eveuts is that, when a rav
element. comprising spray and a trailing large
fragment s hurled to earth, the tektite gprayv
strenms oni maiuly abead of the fragment, and
thus lands mainly on one side only of the eon-
nate crater—nob uniformly all around 1t This
provides an explanation o why the moldavites
are found on one side only of Ries erater, and
why the Tvory Caast tektites and nierofektites
are fond on one side only of  DBosumtwi
erater. Within the scope of this model, gls of
tektite composttion conld he found right up
to, and even in the mmediate vieiiy of, a
connite crater.,

Haow a veey vestricted teltite distribidion,
such as the moldurites, can be compatible with
a lunar origin. As was noted earlicr, the
present. nodel includes the possibility of a
tektite event that is truneated. Tew ray ele-

An evident eonsecuience of the present,

ments would travel dead-center toward earth,
In a truneated event. most of the spray ean
misz the earih, in whieh ease the small fraciion
that Tunds ax tektives would fand only in o
vestricred arvea near their eonmate craver. Also,
a 27 spread of spray (A8 = A8 = 2°) like
that vised in most of the illustrations heren s
considderably Livoer than for maoy rav elements
obzerved on the noon. Some show only aboui
1727 wpread; these, i trancated, would land
on earth e an area ercatly confined both in
length and breadth. Such cireumstanees, to-

Austianasiax Textim: Omois

G

griber with the processes of geologieal ohzeura-
tion that have acted over the 15-million-year
period since the moldavites {ell; provide o pos-
sible explanaiion of the very resineted distri-
Imtion known at present for this tekfite group.

How it is possible for the anstralites to be
vestricted mainly to the southern part of the
continent. 1t haz long been known that few,
il any, australites arce found norilt ol about
2328 laditude. Such a ‘eut off” in Litude counld
result At the Australazian event were com-
potml, and A many of the australites were
ascociated with o connaie craler that formed
somewhere in the north of Austradia. Tt s of
inierest, perhaps. to =peculate on an earth
erider that mieht be convaie with the aus-
traliies. Woll Creek erater was formed by an
iron meteorite, and is situated in northern Ans-
tralie at o Jocality precisely aliencd with the
LRG-NCa streak. The NCa australites are not
formnd elsewhere in the Australasian strewntield.
Tnlike other meteoritin ertters, the iron shale
masses JTound aronnd Wolf Creck  commonly
resemble teavdrops, pears, dizks, hananas [Me-
Call. 1557, shapes typieal of deformation and
formation of iron i a plastic or ehly viscous
state. A meteoritie fragment of such size as that
which Tormaed Wolf Creek erater would enol
Ritle in a0 2-dav journey from moon to earth.
Sueh o fragment, first shoek heated throughout,
to the orvder of 650° during a luuar impact,
woulil be shock hewted o time upon
striking earth: and this tiune heated to temper-
atures at which iron softens and is readily de-
formed or exiruded. Tence, 1f Woll Creek
erater 1= eommate to the Austvalazian tektites,
we would have an explonation for the curious
shapes ol fron shale masses found around ns

second

crater.

In Fienre 15 the teajectory Janding pattern
i illnsteated for a hypothetical  compound
event from Tvche coraprising two ray eloments:
a magor one, with A = A8 = 1° and a
minor one with A = A§ = 05° The smaller
projectile fragment associated with 1his minor
ray clement would leave Tvelio at ¥y, = 2572
kisec, B o= 5007, and § = 17.5° in order to
mpact earth ar Woll Creck  erater. These
Eruneh angles for B and § are within 19 of those
Tor the miador fragment whiel eould either have
inpraeted sanewhere in the Pueilie Ocean or
have wigsed the carth. Such a compound event
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Fig. 15.
Australia.

provides a possible, but as yet unsubstantiated,
explanation for the observed latitude cut off of
the australites. The age of Wolf Creek crater
has not vet heen determined; hut its general
appearance is such as to warrant investigation
as a possible crater connate to the austrahites.

The trajectory trails in Figure 15 also illus-
trate that a 1° spray dispersion (A = A8 =
1°). which is representative of many lunar ray
elements, is essentially adequate to explain the
Australasian distribution pattern. The faet that
a 2° spray dispersion was used for most illus-
trations herein is not critical to the prineipal
conclusion that the Tycho ejecta pattern con-
forms to the tektite distribution pattern.

If the Australasian event were compound, it
is also dynamieally possible for one of the frag-
ments to land in Afriea near the [vory Coast
tektites. Present age data, however, apparently
exclude such an association [Gentner et al,
1970].

Why tektite shape variations are somewhat
restricted. The law of energy equipartition for
shock acceleration, combined with the relatively
narrow range in lunar ejection velocity Vg that
sends material to earth, provides a semiquanti-
tative explanation of the most common varia-
tions in tektite shape. The Tycho ejecta that

Ixample of hypothetical compound event from Tycho comprising two ray ele-
ments: Projectile fragment for major element (A8 = A8 = 1°) lands either in Pacific or
misses earth; projectile fragment for minor element (A8 = A8 = 08°) lands at Wolf Creek,

NN

spreads from southern Australia to Southeast .'§
Asia, for example, represents Vy between 262 °
and 255 km/sec. The corresponding internal. ;
energies at ejection would vary by the factor ;
(2.62/2.55)2 = 1.06. This, in turn, corresponds #
to a temperature variation of about 130°C, §
which, for a given tektite composition, corre- 4
sponds to a variation in viscosity by a factor of
about 4. Since Australasianites commonly vary
in Si0; {from 70 to 80%, this introduces at the
temperatures of formation additional variations
In viscosity by another factor of 10. Variations
in porosity of the pre-impact rock could intro-
duce still further variations in viscosity for a
given V.. An over-all variation in viscosity by
a factor of 40 is compatible with the observed
variation in shapes of most tektites, such as
from mainly small round forms in the Nullarbor
Plains of Australia where SiO. averages about
709, to mamly teardrops and more irregular
shapes in Southeast Asia where Si(), averages
ahout 75%. Fxperiments with glass ejection at
various temperatures have shown that a varia-
tion in viscosity of formation by a factor of 44
[Chapman, 1964, Figure 12] produces shape
and size variations from manly round forms
of small size to mainly teardrops and irregular
forms of much larger size. Thus the Tycho
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provide rcasonable explanation of the prin-
gpal variations In Australasian tektite shape.
Afost of the ejecta that reaches earth from

fghe moldavites and the North American tek-
tites, also would have left the moon in nearly
the same velocity range (2.55 to 2.8 kim/sec).
4 Hence we also have an explanation of the strik-
“ing conformity obscrved between the shapes
“of moldavites and of Southenst Asian tektites,
¢as well as the general similarity in shapes be-
“tween bediasites, Ivory Coast tektites, and
ceertain Australasianites.

» Why land tektites are acidic and not basic.
Threc factors are extremely selective for the
“survival of high-silica materials in a tektite
event, and, hence, highly relevant to any de-
ductions about the relative proportions of basic
and acidic rock that may have existed at the
crater impact site. The processes of impact
splash, of atmosphere entry, and of terrestrial
decomposition each act to selectively destroy
basic glass exposed to the same severe physical
environment that tektites have survived. First,
¥ because of its lower viscosity, basic glass
. splashed from an impaet crater would solidify
& into smaller primary forms than acidic glass
L’ exposed to the same temperatures and forces of
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periments [Chapman, 1964] in which glasses
of varous viscosity were cjected from a pres-
surized tube, and recovered as splash forms—
the lower the viscosity, the smaller the size
rccovered. On the basis of these experiments,
1t is to be expected that the same disruption
process that produced tektite splash forms
typically of centineter size and rarely of 10-
cem size, would produce basic glass forms typi-
ally of several mm size, and rarely of several
cm size. Second, these smaller splash forms of
basic glass, again because of their lower vis-
cosity, would not survive the atmosphere entry
that acidic tektites have survived. This has
been proven by acrodynamic ablation experi-
ments in which two spheres, onc of tektite
glass and one of basalt glass were placed in the
same arc-jet stream. The amount of acrody-
namic heating that turned a 2-em  tektite
sphere into a typical australitc button melted
all but a small fraction of the spherc of basalt
glass. This experiment is illustrated in Figure
16. Similar experiments also showed that the
acrodynamic heating that turned a 1-cm tektite
sphere into a button completely melted 1 1-cm
sphere of basalt glass. Hence, basie glass of sev-
cral millimeters to 1 em size would land on
the ground only as a glass mist of ablation
droplets a fraction of a millimeter in size.
Third, small ablation droplets of basic glass

15 sec

T'ig. 16. Photographs taken during aerodvnamie ablation experiment illustrate the differ.
ence between the ablation of tektite glass (Lop) und basalt glass (bottom). Arc-jet stream
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would not survive decomposition by ground
waters. This has been established by some re-
cent unpublished experiments of Mr. Frank
Centolanzi who found that fresh water decom-
poses basultic gliss at ten times the rate of
tektite glass. His measurements correspond to a
decomposition rate at room temperature of 2
mm/m.y. for tektite glass, and approximately
2 ecm/m.y. for basalt glass. Henee, basalt glass
that is wet only a few days per year would
decompose a few tenths of a millimeter in
700,000 years, enough to dissolve the ablation
droplet remains of hasalt glass. Because of these
three powerful screening processes for selective
survival of acidie glass, it follows that the
Australasian tektite shower might have been
accompanied by more basic than acidie glass,
and we would have no way of knowing that
today from observations on land.

In deep-sea cores, however, some hasic
microtektites have survived; and this is indeed
consistent with Centolanzi’s experiments. He
observed that, whereas tektites and basalt
glass lose weight by decomposing in fresh water,
they do not in salt water. In fact, they gain a
little weight in salt water. Some other glasses
of different chemistry decompose in salt water.
Depending upon the glass chemistry, therefore,
and perhaps upon the chemistry of the sedi-
ment in which the glass 15 immersed, small
droplets of basie glass (microtektites) in deep-
gea sediments may or may not survive decom-
position for 700,000 years. Thus, only a lower
limit can be placed on the fraction of basic
glass that orginally accompanied the Aus-
tralasian tektites; 1t was at least as large as
the fraction recoverable today among micro-
tektites, and possibly much larger.

Acknowledgments. T am singularly indebted to
H. Julian Allen, a former colleague in aerody-
namics and warm personal friend. who told me.
two vears before T could see how it possibly eould
be done, that if T were really anv good as an
aerodynamicist, [ should bhe able to figure out
from which crater and which ray the tektites
came. I also thank Frank J. Centolanzi. Leroy C.
Scheiber, and Norman B. Zimmerman, who have
assisted in many phases of this research since its
inception in 1960.

REFERENCES
Agrell, 8. O.. J. H. Scoon, 1. D. Muir, J. V. P,
Long. J. D. C. McConnell, and A. Peckett,

Dean R. CHAPMAN

Mineralogy and petrology of some lunar sam.JH
ples, Science. 167, 583-586, 1970. ”
Albee. A, L., DD. Burnett, A. Chodos. E. Haineg, :
J. Huneke. D. Papanastassiou, I Podosek
G. Russ, LI, and G. Wasserburg, .\Imeraloglcﬁ
and isotopic investigations on lunar rock 12013, :
Earth Planet. Sci. Lett., 9, 137-163, 1970. 3
Andersen, C. A.. J. R. Hinthorne, and K. TFred-’
riksson, Ton mieroprobe analysis of lunar ma.
terinl from Apollo 11, Proe. Apollo 11 Lungp?
Science Conference, vol. 1, 159-167, Pelﬂqmon -
New York, 1970. 3
Anderson, A. T, Jr.. A. V. Crewe. J. R. Cold- 3}
smith, P. B. Moore, J. C. Newton. E. J. Olsen, '
J. V. Smith, and P. J. Wyllie. Petrologic hlstory 3
of moon supgested by petrography, mineralogy sJf
and crystallography, Science, 167, 587-590, 19703
Arnold, J. R., The origin of meteorites as small §
bodies. 2, The model, Astrophys. J., 1}1, 1536-'
1547, 1965. 7‘
Baker, G., and H. C. Forster, The specific gravity §

relationships of australites, Amer. J. Sci., 241, §
377-106, 1943. g

Barnes, V. E, Tektite strewn-fields, in Tektites, '8
cdited by J. A. O'Keefe. chap. 2, University of §
Chicago Press, Chicago. Tl 19634. 3

Barnes. V. E., Detrital mineral grains in tcktltes, ‘
Science, L,,,, 1651~ 165‘) 1063b

Barnes, V.
chemical chamctelhncs of m(lochmlte tel\tltes 3
within their strewnfield, Geochim. Caosmochim,
Acla, 25, 893-913. 1964. i

Bever, H. O.. The chemisiry of tektites. and notes'd
on their physical grouping. in Phillippine Tek-4
zzlce vol. 1, part 1. pp 59-86. 1‘)33 (Unlver-

Bll]elbeol\-Gent? I Un'relblcdmnasm\(h(mnngen':‘
am mondstrahl Tyoho Polybius-Fracastor-Rosse,
Astron. Nachr. 274, 140, 1943, ’

Braslau, D, PdI‘tl[lODlng of energy in hyperveloc- §
ity impact against loose sand targets, J. Geo-
phys. Res., 75, 3987-3999, 1970.

Cassidy. W. A, B. Glass, and B. C. Heezen,
Physical and chemical properties of Australasian
microtektites, J. Geophys. Res., 74, 1008-1025,
1969.

Chao, E. C. T, E. J. Dwornik, and J. Littler,
New data on the nickel-iron spherules from,
Sautheast Asian tektites and their implications,
Geochim. Cosmochim. Acta, 28, 971-980, 1964.

Chuan, . C. T, O. B. James, J. A. Minkin, J. A.
Boreman, E. D. Jackson, and C. D. Raleigh,
Petrology of unshocked crystalline rocks and
shock cffects in lunar rocks and minerals, Sct-
ence, 167, 644-647, 1970.

Chapman, D. R., On the unity and origin of the
Australasian  tektites, Geochim. Cosmochim.
Acta, 28, 8§11-880, 1964,

Chapman, D. R., A theory of tektite events and-
possible lunar crater of Australasian tektite
origin, Kos Truns. AGU, 49(1), 214, 1968.

Chapman, D. R, and D. E. Gault. Critique of j

‘Cometary ir
J. Geophys. i
Chapman, D. T
oricin of tek
1358, 1963.

Chapman. D.
investigation
phys. Res.. 74

Chapman. D.
&, heiber. Por
eravity for vi
chim Cosmoc

Compston, W,
paiterns wit
strevwn-field,
1023-1036, 19

CollPI‘l, A J., Fe
tite origin, 3,
Space Res., 3

Darwin, C.. Gt
canie Islands
during the V.
1811, (Repul
1801.)

Fleizcher, R, L
On the simuli
natural glasse
161-166. 1965

Fredriksson, K
Tlenderson, a
and micro-br
cnee, 167, 664

Gault. D. E.,
of cnergy f
formed In rc
velocity Imp
sponsored by
1965,

Gault. D.E.E
Spray ejecter
Tech. Note 1

Gault, D. E., ¢
tion of tekti
Geophys. Re:

Gault. D. B, .
I(llipe)l’, H.
Phinney, and
and processes
Rep. 32-126),

Gentner, W. ar
Alter von 1
93-99. 1960.

Gentner, W, T
Kalium-argor
Ghana und d
Claser, Z. N¢

Gentner, W, T
New K-Ar
glazses and t
S3-86, 1967.

Gentner, W., F
Wagner, Fiss
tion of dee
359-361, 1970



’som-:* lunar sam,.
wdos. T2, I1s aines,
i, F. Iodmel\
g, \Imemloglc
lunar rock 12013,
-163, 1970,

e, and K. Fred-
ds of lunur ma-
dpollo 11 Lunar
=167, I'crgamon,

we, I . Gold-
ton, I, 1. Olsen,
‘etrologic hhtorv
ph\ nun« ralogy
eoritcs 15 small
s, J., 151, 1536-

specific zravity
er. J. Sei, 21,

ds. in 7T'eltites,
2, University of
.

uns in {cklites,

trographic and
shinite tektites
n. Cosmochim.,

tites, and noles
Wllippine Tek-
1933, (Univer-
ns, 1961-1062).
serscheinungen
racastor-Rosse,

in hyperveloce-
rgets, J. Geo-

i C Heezen
)f Australasun
7.4, 1008-1025,

nd J. Litiler,
herules from
* implications,
971-980, 1961,
Minkin. J. A.
. D. Raleigh.
1e rocks and
minerals. Sct-

origin of the
Cosmaochim.

e events and
wian  tektite

t, 1068,
Critique of

ometary impact and the origin of tektites,’
B Geophys. Res., 72, 2695-2699. 1967.

epman. 1. R., and IT. K. Larson. On the lunar
brigin of tektiles, J. Geophys. Res., €8, 4305~
§358, 1963.

hapman. 1. 1. and T.. C. Scheiber. Chemieal
Bovestigation of Australasian tektites, J. Geo-
Bahys. Res.. 7/, 6T37-6776. 1969.

hepman, D. R, H. K. Larson. and L. C.
Mcheiber, ])H]illl‘lll(m polvgons of tekiite specifie
fpravity for various localities in Australasia, Geo-
ghim Cosmochim. Actu, 28. 821-839, 1964.
fompston, W.. and 1). R. Chapman, Sr isalope
patterns  within the  Southeast  Australasian
B ircvn-ficld, Geochim. Cosmochim. Acta, 33,
N 1023-1036. 1969.

BEohen. A. J., Asteroid-impaet hypothesis of tek-
B~ tite origin, 3 The Southeast Asian strewn-fields,
Space Kes.. 8. 950-973, 1962.

Jarwin, C.. (“c ologbcal Observations on the Vol-
=canic Islands and Parls of South America Visited
BE during the Voyage of H.M.S. Beagle, pp. 44-45.
B 1811, (Republished by Appleton, New York,

BFleischer, . 1., P. B. Price, and R. M. Walker.
gy On the mnull aneous origin of tektites and nthol
R natural glasses, Geochim. Cosmochim. Acta, 29,
‘: 161-1066. l‘)(m
i Fr('drll\“on J. Nelen, W. G. Melsen, E. .
"Henderson, 'md C. A. Anderson, Lunar glasses
% and micro-hreceias: Properties and origin, Sci-
£ ence. 167, GOA-666. 1970.
B Gault, ). 11, and E. D. Heitowit, The pariition
of energy for hvpervelocity impact craters
formed in rock. Proccedings of Sixth Hyper-
velocity Tampact Symposium, Cleveland. Ohio,
sponsored by the US. Army, vol. 2, 4104506,
B 1063
Gault, ). 2., 13. M. Shoemaker, and H. J. Moore,
Spray ejocted from the lunar surface, NASA
¥ Teeh. Note D-1767, 1962,
M Gault, D. E.. and J. A. Wedekind. The destruc-
tion of tcl\utcs by micrometeoroid impact, J.
,.. Geophys. Kes., 74, 6780-6794. 1969.
“Gault. D. F, J. B. Adams. R. J. Collins, G. P.
.{ Kuiper. H. Masurskv, J. A. O'Keefe, R. A.
" Phinney, and F.. M. Shoemaker, Lunar theory
¢ and processus, Jet Propulsion Laboratory Tech.
_'*) Rep. 32-126)4. chap. 9. 267-313, 1968,
."Gentner, W.. and J. Ziahringer. Das Kalium-Argon
“ Alter von ‘Tektiten, Z. Naturforsch., 152(2),
03-99, 1960.
" Gentner, W., 1. J. Lippolt. and O. Muller, Das
Kulium-argon-alter des DBosumtwi-IKraters in
« Ghana uml die chemische Beschaffenheit seiner
Glaser, Z. Naturforsch., 192, 150-153, 1964.
‘G(\ninm. W.. B. Kleinmann, and G. A. Wagner.
New K-Ar and fission track ages of impact
glasses and tekiites. Earth Planet. Sci. Lett., 2,
83-86. 1967.
Gentoer, W,
+ Wagner. Iission track apes and ages of deposi-
% tion of deep-sea microtektites, Science, I68,

B. P. Glass, D. Storzer. and G. A.

359-361, 1970.
:

AvusTrALASIAN TEKTITE ORIGIN

6337

Glass, B, Microtektites in deep-sea sediments,
Nature, 214, 372-374, 1967.

Glass, B. P., Glassy objeets (mieroteklites?) from
deep-sca sediments near the Ivory Coast, Sci-
ence, 161, 891-843, 196S.

Cilass, B. P, Chemieal composition of Ivory Coast

microlektites, Geoclhim. Cosmochim. Acta, 33,
1135-1147, 1969
Glass. B. P.. Chromile and zircon ervstals in a

Muong Nong tektite. Fos Trans.
341, l")TU

Hubbard. N. J.. P. W. Gast, and H. W. Wiesmann.
Rare em(h. alkaline and alkaline metal and
¥_r/*Sr data for subsamples of Junar sample
12013. Earih Planet. Sci. Lett., 9. 181-184. 1970.

Keil. K., M. Prinz, and T. E. Bunch. Mineral
chumistry of lunar samples, Science, 167, 597-
594, 1970.

Kuiper, G. P.. Interpretation of Ranger VII rec-
ords, Jel. Propulsion Laboratory Tech. Rep.
32700, 9-73, 1065.

Kushiro. 1., Y. Nakamura, H. Haramura. and
S. Skimoto. Crystallization of some lunar mafic
magmas and generation of rhyolitie hquid, Sci-

AGU, 61(4).

ence, 167, 610-612, 1970,
Taul. J. C.. R. Keays, R. Ganapathy. and E.
Anders. Abundance of 14 traoce elements n

lunar rock 12013, Fuwrth Planet. Sci.
211-215. 1970.

Lin. & C., Comefary impact and the origin of

Lett., 9,

tektites, J. Geophys. Res., 71, 2427-2437. 1966.
Tamar Sample Preliminary Fxamination Team,

Preliminary examination of lunar samples from
Apollo 12, Seience, 167, 1325-1339, 1970.

MecCall, G. J. T, Possible meteorite craters:
Wolf Creek, Austrahia, and analogs, Ann. N. Y.
Acad. Sei.. 128, art. 2, 970-998, 1965.

MceColl, ). Ho, and G T Williiuns, Australite dis-
tribution pattern in southern Central Australia,
Nature, 220, 151-155, 1970.

MeQueen. R. G, E. Zukas. and 8. Marsh, Residual
temperatures  of shock-loaded iron, ASTM
Spectal Publ. 336, 306-316, 1962.

Morgan. J. W., and W. D. Ehmann. Lunar rock
12013. 10: 0O..8i, and Te abundances, Earth
Planet. Sci. Lett., 9. 164-168. 1970.

O'Keefe, J. A, Telktite glass in Apollo 12 sample,
Science, 108, 1209-1210, 1970.

Paddack. &, J.. Rotational bursting of small celes-
tial bodies: Tffcets of radintion pressure, J.
Geophys. Res.. 74, 13794381, 1969.

Patterson. J. 1., A. T.. Turkevich, E. J. Franzgrote.
T. E. Economou, and I. P. Sowinski, Chemical
composition of the lunar surface in a terra
region near the crater Tycho, Science, 163, 825-
828, 1970,

Pickering, W. 1., An investigation of the systems
of bright sirenks visible upon the full moon,
Astron. Nachr., 130(3111), 225-228, 1892.
tevnolds, J. I1.. Rare gases in tektites, Geochim.
Cosmochim. Acta, 20, 101-114, 1960.

Roedder. E., and P. W. Weiblen, Silicate liquid
immiscibility in lunar magmas, evidenced by



6338 Dean R. CHAPMAN

melt inclusions in lunar rocks, Science, 167,
641-641. 1970.

Schieber, L. C., Comparison of tektite polvgons
of bulk specific gravity. true material specific
gravity. and refractive index, J. Geophys. Res.,
76, 7513-7515, 1970.

Schnetzler, C. C.. J. A. Philpotts. and M. L.
Bottino, Li, K. Rb. Sr, Ba and rare-earth con-
centrations and Rb-Sr age of lunar rock 12013,
Earth Planet. Sci. Lett., 9, 185-102, 1970.

Starik, I. Y., E. V. Subotovich, M. M. Shats. and
S. M. Grashehenko, On the question of the
origin of tektites, NASA TTF-113. 1962. Trans-
lation of K voprosu o proiskhozhdenii tektitov,
Meteoritika, 22, 97-102. 1962.

Summers, H. S., Obsidianities: Their origin from
a chemical standpoint. Proc. Roy. Soc .Victoria,
21(2). 423443, 1909,

Taylor, H. P., and S, Epstein, Correlations be-
tween 0/0* ratios and chemical compositions
of tektites, J. Geophys. Res.. 74, 6834-6844,
1969.

Taylor, H. P.. and S. Epstein. Oxvgen and silicon
1sotope ratios of lunar rock 12013, Earth Planet.
Sci. Lett., 9, 208-210, 1970.

Turkevich, A. L. . J. Franzgrote, and J. H.

Patterson, Chemical analysis of the moon a4
the Surveyor 7 landing site: Preliminary results, ;

Science, 162, 117-118. 1968.

Viste, E,, and E. Anders, Cosmic-ray exposure B
history of tektites, J. Geophys. Res.. 67, 2913 3

2019, 1962.

von Engelhardt, W., J. Arndt. W. F. Muller, anq
D. Stoffer, Shock metamorphism in lunar sam.

ples. Science, 167, 669-670, 1970.

von Koenigswald, G. H. R., Tektite studies. The .
origin of tektites, Proc. Kon. Ned. Akad §

Wetensch., Ser. B, 70, 104-112. 1967.

Walter, L. S, Coesite discovered in tekiites,

Science, 147, 1029-1032. 1965.

Wakita, H.. and R. A. Schmitt, Elemental abug.

dances in seven fragments from lunar rock 12013,
Earth Planet. Sci. Lett., 9, 169-176. 1970a.

Wakita, H.. and R. A. Schmitt. Lunar anortho.
sites: Rare-earth and other elemental abuyp- -

dances, Science, 170, 969-974. 1970b.

Whitaker, E. A. Further obscrvations on the B

Ranger VII records. Jet Propulsion Laboratory
Tech. Rep. 32-700, 149-154. 1965.

(Received November 2, 1970)

vol.. 76, NO. 2

Or

It is d
multidom:
domain fi
of single-
carriers o
characteris
truly mul
in these 1
sistent wi
carrier of

Magnetic gr
are generally ¢
lar types of m
are uniformly
whereas coarse
netic domain
[Néel, 1955, V
stable remane
nantly used 1n
single-domain
bility of the r
hehavior. Thu
gested that th
the multidoma
in rocks. Rec
importance of
curring within
accumulating
Strangway et
1969; Fvans a
the need to ur
anence used ir
1s important tc
carriers of re
multidomain.

The magneti
multidomain g
a single-doman

1 Now at Lan
tory, Palisades,

Copyright © 19



